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PREFACE. 

rilHIS volume is intended for students who, having obtained 
an elementary knowledge ol experimental work m Physics, 
desire to become acquainted with the principles and methods 
of accurate measurement. The large and increasing number 
of students, who have to be taught simultaneously in a Physical 
Laboratory, renders it necessary that the instructions supplied 
should be fairly complete , and that the exercises should be of 
such a nature as to enable the teachers easily to check the 
accuracy of the results obtained The exeicises described in 
this volume have been worked through by several hundred 
students of this University who were preparing for the ordinary 
degree of B.Sc., and the experience thus gained has been 
utilised to improve the descriptions and methods adopted. It 
is hoped therefore that the volume will also prove useful m 
other laboratories. 

We have not aimed at completeness, being convinced that 
a student learns more by carefully working through a few 
selected and typical exercises, than by hurrying through a 
large number, which are often but slight modifications of 
each other. 

The guiding pnnciple we have adopted in our teaching has 
been to attach greater importance to neat and accurate work, 
properly recorded, than to the number of experiments which 
a student performs. All Note-books are carefully kept, no 
slovenly work is allowed to pass, and each exercise is repeated 
until satisiactory results have been obtained. 
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A student will naturally devote the greater portion of the 
time spent m the laboratory to measurements and quantitative 
work, but qualitative experiments should not be excluded. Tn 
certain parts of the subject, as for instance in Physical Optics, 
the educational value of setting up the apparatus and observing 
the general character of the effects produced is consideiable, 
and such observations form a veiy useful complement to the 
quantitative exercises given in this book. 

We have endeavoured to confine the apparatus required to 
that commonly found in laboratories It is not necessary that 
the instruments used should be identical with those described. 
Students should be able to introduce the slight modifications 
in the manipulation rendered necessary by some small differences 
in the apparatus. Where the differences are likely to be 
material, detailed descriptions have usually been omitted, and 
m such cases a written explanation should be supplied to 
the student with the mstrument to be used. 

ARTHUR SCHUSTER. 
CHARLES H. LEES. 


Manchester, 

1905. 
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PRELIMINARY. 


SECTION I. 

ERRORS OF OBSERVATION. 

Our senses and judgment may be trusted up to certain 
limits, beyond which they begin to be subject to errors Thus 
it we wish to measure a length of say 5 centimetres by means 
of a millimetre scale, no one will tcel any difficulty in obtaining 
a result accurate to a millimetre or to half that quantity But 
as soon as we wish to push the accuracy much further, even the 
most experienced observer will find the estimation difficult, and 
his measuiemcnt may be wrong by a quantity which is called 
an ‘'error of observation ” If he repeats the observations a great 
many times he will obtain a number of different results, which 
will group themselves round their average or mean value in a 
manner which will always shew a certain regularity, if the 
number of observations is sufficiently large The study of the 
law of distribution of errors is of importance because it allows 
us to form an estimate of the accuracy with which under given 
conditions the measurements can be made. If there is no bias, 
which will cause the observation to err more often in one 
diiection than in the other, common sense is sufiScient to tell 
us that the arithmetical mean of a number of observations 
will give us the most probable result. And common sense will 
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also allow us to form a rough estimate as to the limits within 
which the result may be trusted to be right. Suppose for 
instance a certain observation three times repeated has given 
the numbeis 31, 3 3, 3 4, and in another case the three ob- 
servations have been 1 1, 1 5, 7 2. In both instances the most 
probable value, being the arithmetical mean, is the same, viz 
3 27, but in the first case the observer may conclude with some 
confidence that his result is right to withm ten per cent, ie 
the actual value will he between 3 and 3 5, while in the second 
case he will attach little value to the mean obtained from such 
discordant measurements 

Common sense like the sense of sight or of hearing may be 
trusted up to ceitain limits, and just as we can increase the 
efficiency of our ordinary senses by suitable instruments, so 
may we increase the efficiency of this common sense by an 
instrument which in this case is the theory of probability 
To apply that theory we must in the first instance study the 
laws of grouping of errors, and this is best done by a graphical 
method. Let the cuived Ime in Fig 1 have the property that if 



N represents the number of observations supposed to be very 
large, the area EFHK will be a measure of the ratio n/iV, where 
n IS the number of observations which shew an error greater 
than OH and smaller than OK It follows of course that the 
unit of length chosen is such that the total area included 
between the curve and the line PQ is unity 

It is found that in all cases which it is necessary to consider 
here, the curve has the same shape and may be represented 
analytically by the equation 

h 
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where w is the “ error/' i e the deviation of an observation from 
the arithmetical mean It is seen that different cases can onl^^ 
differ owing to a difference m the value of h, and Fig 2 gives 



the curves for three different values of L Inspection of these 
curves shews that the greater the value of h, the steeper the 
curve in the neighboui hood of the central ordinate UA^ and 
this means that the observations are grouped more closely 
round their average value. We might therefoie take h to be 
the measure of the precision of our observations, but it is usual 
to choose for this purpose another quantity which we proceed 
to define In Fig. 1 draw two lines LM and i'ilf' at equal 
distances from OA such that the area included between these 
lines, the curve and the horizontal axis is equal to half unit 
area This secures that half the total observations have errors 
numerically smaller than OL The quantity OL is called the 
“ mean ” error, since errors larger and smaller than that quantity 
occur equally often. The mean error m may be calculated in 
terms of h from the equation to the curves and is found to be 
given by 

hm = *4769 (Dale's Mathematical Tables^ p 84 ) 

The mean error varies therefore inveisely as h, and the 
smaller the mean error the more confidence may we have in 
our result 

The quantity which interests us most, however, is not the 
mean error of an observation but the mean error of the result 
which is obtained by taking the mean of all the observations 
Assuming the curve which has been given to represent correctly 

1—2 
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the distribution of errors, the mean error of the mean of N 
observations can be proved to be mj\/N it m is the mean error 
of a single observation This result is important, for it shews 
that we may by repeating the observations and taking the mean 
easily double or even treble the reliability of tlie result, but that 
a very large number of obseivations have to be taken if we aim 
at a matenally greater improvement. 

The ciiive which gives the distribution of eirors in a series 
of figures which do not represent single observations, but each 
of which already lepresents the mean of a certain number 
of them, has the same form as that already described for the 
single observations. The mean error of the final mean again 
represents an error such that smaller and greater errors occur 
equally often By finding the total area which lies on the 
right-hand side of such an ordinate as FK (Fig 1) we find the 
probability of an error greater than OK^ or m other words, we 
find the latio n/N, where N is the total number and n the 
number of errors greater than OK, It may be proved in this 
way that an error equal or greater than 2m, i e double the mean 
error, will happen on the average m one out of eveiy five cases, 
and may therefore be said to occur frequently. An error 
exceeding 3m will only occur once in 23 cases on the average, 
while an erior of 5m or more will only occui once in 1300 cases. 
We may say that we have a reasonable security though no 
absolute ceitamty that the result will not be affected by an 
error greater than four times the magnitude of the mean error, 
the chance of greater error being m that case less than one per 
cent It follows that one must take the mean of 16 observations 
in order to be reasonably certain that the error of the result 
shall not exceed the mean error of a single obseivation. 

Let represent the errors, i e, the difference between 

the individual observations and their mean value. Then if 

the “mean” m and the “piobable’' error r of a single obser- 
vation aie given by 

’■-eWirn 
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and the mean M and the probable error R of their mean hy 

M=J and JB = -6745 J 

n being the number of observations. 

A shoitei method of dealing with the observations when a 
less accurate lesult is sufficient, is to arrange them in order of 
magnitude and take the middle one or the mean of the two 
middle ones as the result This is known as the ‘'median” 
To get the mean error find in the same way the middle 
observation of each series above and below the median 
respectively These are known as the uppei and lower 
“quartiles” Half the difference between the two quartiles is 
the piobable eiior and one and a half times this the mean 
erior Consult a woik on the Theoiy of Statistics for proof, 
eg Statistics, pp 306 — 311 

Sometimes the quantity to be detei mined by an experiment 
IS not that which is directly measured, but is deduced by 
calculation fiom the measuiement. We must then calculate 
the error produced in the result by a certain error in the 
measuiement A simple case of this kind occurs if we wish 
to determine the area of a circle by measuring its diameter. 
If the diameter is D the area A is known to be \irD^y but if an 
error of observation d has been committed so that the measured 
diameter was found to be D-f d, the calculated aiea would be 
{tt (i) + dy or 

A+a=\'irI)^(l + 2^+^y 

where a is the error m the measured area 

If d is small so that the square of d/D may be neglected, 
we find 

a_2d 

A^'D^ 

If an error d has been committed in a measurement JD, it 
is usual to call the quantity lOOdjD the percentage error. We 
may similarly call djD the “per unit error” or better, the 
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fractional error.” The fractional error of the calculated area 
is therefore twice the fractional error of the measured diameter. 

More generally if a; be a measured quantity and y = the 
fractional error of y will be n times the fractional error of (Xk 
Hence the importance in such determinations as the coefficient 
of viscosity (Section XVI) of measuring as accurately as possible 
the radius of the tube, the fourth power of which enters into 
the calculation. 

As a further example we may take the mea'^urement of an 
electric current by a tangent galvanometer. If the angle of 
deflection is 6 and the current (7, the theory of the instrument 
gives the relation 

K tan 0, 

where k is the constant of the instrument. 

If an error 8 is committed in the measurement of 6, and o 
be the resulting error in the calculated value of G, we should 
have 

0 + c = «: tan {B -f 8) 

_ tan Q + tan 8 
^ i — tan Q tan 8 ’ 

Since tan 8 is small we may neglect its square and sub- 
stitute 8 for its tangent, the above expression then transforms 
easily into 

G + c = K tan 0 + /v8 sec^ 0, 
c = kS sec* ft 

Hence - = — — - 

G sin2^‘ 

The fractional error of the calculated current will therefore 
always be larger than twice the fractional error of the measured 
angle because sin 20 will always be less than one. The error 
will be smallest when 0 = 45°, hence there is an advantage 
when measuring a current by a tangent galvanometer in select- 
ing the instrument so that the angle of deflection is nearly 45°. 

More difficult still are the cases in which there are two 
or more unknown quantities, connected by known relations, A 
simple case of this kind occurs when we wish to measure the 
time of vibration of a magnet, for mstance by observing the 
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times of passage through the position of equilibrium If t is 
the time of first passage and we only observe passages in the 
same direction, the successive recurrences of the event take 
place at times t, t + T, t + 2T, &c The obseived times are 
tu Ui and if the errors are /Tj, &c. we have the 

following equations 

- aj = T, 

^2 ^2 = T -f T, 

^3 - = T 4- 2 T, 


*These equations contain the two unknown quantities t and 
T and the n unknown values of the eirors. There aie therefore 
two more unknown quantities than equations Any assumed 
value of T and T might be made to fit into the equations if 
there is no limitation to the magnitude of the error The most 
probable of all possible values of r and T are those which give 
that distribution of errors x which we have discussed and repre- 
sented by the cuive in Fig 1. The theory of probability shews 
that this IS equivalent to saying that the most probable values 
of T and Tare those which give the smallest values for where 
= X^^ + -f 4* 

The method of calculation which allows us to determine the 
unknown quantities under the condition that 2^^ shall be a 
minimum is called the ‘‘Method of least squares” As there 
will be no occasion to reduce any of the observations described 
m this volume by this method, we need not enter into a fuller 
discussion, but students interested in the subject are referred 
to Merriman’s Method of Least Squares^ or Yule’s Statistics 

Errors of observation which may be eliminated by taking 
a large number of measurements, are comparatively easy to deal 
with, but the expeiimentalist has also to guard against the 
more serious danger of being misled by “systematic errors” or 
errors which always affect the result in the same direction. 
These errors may be due to a faulty arrangement of the experi- 
ment, to defective instruments and also to a bias of judgment 
which causes the observer to commit errors which all tend to 
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lie on the same side of the correct value If observations are 
subject to errors of the last kind they are said to be affected 
by a “personal equation/’ For instance, if a star is observed 
as it traverses the field of view of a transit instrument, and an 
observer is asked to make some sign at the moment the star 
passes behind a wire fixed in the instrument, it has been ascer- 
tained that most observers will signal the passage before it has 
actually occurred With practised observers the difference m 
time between the actual and observed transit is always nearly 
the same, and is called the personal equation of the observer 
Personal equations of small amount probably exist in many 
kinds of observation, such as the reading of a Vernier It 
would follow that in such cases the symmetrical curve of Fig 1 
only represents approximately the distribution of errors But 
personal equations need only be taken into account in cases of 
extreme refinement of measurement and are only mentioned 
here in older to point out the existence of errors of observation 
which are not eliminated by the usual method of multiplying 
measuremeuta 
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MEASUREMENT OF LENGTH 


The simplest method of measuring a length consists m 
the direct comparison of the length to be measured with a 
scale which serves as a standard, and which is subdivided into 
intervals of say 1 mm. If the length to be measured is not 
exactly a multiple of a millimetre, it becomes necessary m 
some way to measure or otherwise to estimate the fraction of 
a subdivision. 

The application of a ‘"Vernier” to this purpose is explained 
m elementary books (see also Schuster and Lees's Intermediate 
Physics); the Vernier can however often be dispensed with and 
the subdivision estimated with sufficient accuracy by the eye. 

The following hints as to estimation will be found of use, 
but the student will only obtain confidence in his judgment by 
constant practice He should not attempt to estimate more 
closely than to a tenth of a division, though an experienced 
observer will under favourable circumstances estimate correctly 
to a fiftieth. 


The eye subdivides easily an interval into two equal parts, 
and if the point to be measured is, egr, at 
C (Fig. 3), between the scale divisions 2 C 3 
marked 2 and 3, even an unpractised ob- 3 

server will put it down at once as 2 5, 

Should the point G he as in Fig 4 he I i ‘ ^ 

r o O C* C* C'A 

will in his mind fix a point G' at the ^ 

same distance from G as that point is from 

the nearest scale division, then a pomt G'' again at the same 
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distance from G\ By this means he will see at once that 0 is 
less than a third but more than a fourth part of the way from 
the division 2 towards the division 3, hence he will read 
between 2 25 and 2 33 and there is no difficulty in putting 
it down as 2 3 

In Fig. 5 an observer would see if he divided the mterval 
between 2 and 3 into two equal parts at JS, and ^ ^ ^ I 

the first half again into equal parts at B\ that 2 CB‘ B 3 
the point G was rather nearer to 2 than to B 
and he would put it down as 2 2. 

The greatest liability to error occurs when the point G 
lies between 1 and *2 of an inteival, and there will probably 
be a tendency to over-estimate the distance from the nearest 
division. 

In order to increase the power of judgment in this case, it 
is advisable for the student to draw two 


lines A and B and a third G, so that -4(7 I 1 I 

is the tenth part of AB (Fig. 6). This ® 

should be done with AB varying in 
length between 6 and 3 cms. 

If a student once has got a good idea of a subdivision into 
ten paits, the estimation of subdivisions in general will not 
present much difficulty. 

Exercise Estimate the distances of the middle lines from 
the left-hand lines in terms of the distance between the end 


lines taken as unity, in the cases shewn on the card provided. 
When these estimaoes have been entered in the note-book, 
measure the distances on a millimetre scale and check your 
estimates. 


When in the following exercises no special directions are 
given as to the method to be used in determining a length, 
a scale graduated in cms. and mms. should be applied to the 
length to be measured, adjusted to read an integral number of 
cms at one end of the length, and the point on the scale corre* 
spending to the other end, read. If this end coincides with a 
mm division of the scale, the distance is read off immediately. 
If not, its position between two consecutive divisions must be 
estimated as explained above. 
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When the length to be measured is small, a microscope 
provided with a divided transparent scale in the focal plane of 
the eye-piece is used If, as for instance in the viscosity exercise 
(Section XVI), the radius of a narrow tube is to be measured, the 
tube 18 placed vertical under the microscope and the diameter 
read off directly in terms of divisions of the eye-piece The 
value of the scale division must be determined by placing a 
transparent millimetre scale under the microscope, focussing 
and comparing it with the eye-piece scale 

The divided scale of the eye-piece may be replaced by a 
Micrometer,” %.e. a cross wire which can be moved sideways 
by means of a fine screw the turns of which are read off on the 
screw head Or the whole microscope may be "traversed” in a 
direction at right angles to its optic axis by a micrometer screw 
with a graduated head. 
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SECTION TIL 

MEASUREMENT OF INTERVALS OF TIME 

All time measurements m a Physical Laboratory are re- 
ferred to some standard clock, watch, or chronometer, the 
eiror of which must be known m the few instances in which 
absolute time is required In the great majority of cases 
intervals of time only are measured, and the late only of the 
clock is required. 

A clock or watch is generally available which goes correctly 
to within a minute a day, ? e one minute in 1440 

Such an instrument would therefore allow us to determine 
intervals of time to within less than one part m a thousand, 
an accuracy sufficient for many purposes When greater accu- 
racy is aimed at, or when the error of the timepiece is too 
great, the rate must be determined by companson with some 
better instrument or by direct observations of the sun or a star 
with a sextant or transit instrument 

The method to be adopted in measuring an interval of time 
vaiies with the nature of the interval, but in most cases which 
occur m the laboratory the interval is that between two con- 
secutive occurrences of some periodic event, e g, the passage of 
a pendulum through its position of equilibrium The simplest 
course to pursue is then to count the number of occurrences 
m a given time, say one or two or more minutes, according to 
the accuracy required The number of occurrences divided by 
the time elapsed between the first and last gives the required 
interval 

If the occurrences follow each other rapidly, as eg, when 
they take place four times a second, it requires a little practice 
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to count them. This is most easily accomplished by taking 
them in groups of four, counting thus one-two-three-four, 
one-two-three-four, etc, stress being laid on the four m pro- 
nouncing, and a mark being made simultaneously with a pencil 
on a sheet of paper. Four times the number of marks made 
on the paper in a given time is the number of occurrences 
during the time. 

If the periodic time exceeds ten seconds, the total time 
required for a given number of occurrences is great, and the 
accuracy of the determination of the interval may be increased 
without unnecessarily increasing the time occupied, by ob- 
serving sepal ately the times of a number of occurrences In 
this case a watch or clock beating seconds or half-seconds is 
required The observer begins a few seconds before the occur- 
rence to count seconds in time with the clock, while he watches 
for the occurrence, the counting being done thus — twenty-oyie, 
t^fenty-two, twenty-three, the twenty being spoken lightly, and 
stress being laid on the two, three, etc, each of which should 
be pronounced in coincidence with the tick of the clock By 
exercising a little care the twenty may be pronounced just at 
the half-second, and the exact time of the occurrence fixed to 
less than half a second The times of consecutive occurrences 
numbered 1, 2, 3, 4, 5 etc are found in this way, and written 
down. 

To shew how the observations are reduced we take as 
example the determination of a time of oscillation, 12 successive 
passages for instance of a galvanometer needle through its 
position of equilibnum in the same direction bemg observed 
Let the observed times be — 


Event 

No. 

Time 

Event 

No 

Time 

1 

ll^ 23 “ 3 * 

7 

llh 24m 

2 

12 

8 

11 

3 

22 

9 

20 

4 

32 

10 

30 

5 

41 

11 

39 

6 

61 

12 

49 
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If we only make use of the first and last observations we 
should find the interval of time for 11 oscillations to have been 
1“ 46®, and therefore the time of a single oscillation to have 
been 9®*64 

The intermediate observations are not made use of in this 
method of calculation, and there is therefore some loss of accu- 
racy in the final result. To discover the method of reduction 
which, without too much numerical labour, should give the 
best result, we notice in the first instance that the probable 
error in the measurement of a time interval will be the same, 
whether that interval be large or small If e is that probable 
error, and if the measured interval includes n complete oscilla- 
tions, the probable error of the periodic time calculated from 
the n inteivals will be ejn. 

If instead of observing the time of n oscillations wtf had 
observed the time of a single oscillation, and repeated the ob- 
servation n times, the mean of the results so obtained would 
have given a probable error ej^Jn (Section I). As ejn is smaller 
than el^Jn in the ratio of ^/n : 1, it follows that a better result 
is obtained if only two observations are taken, viz one at the 
beginning and one at the end of n consecutive intervals, than 
if n separate single intervals implying 2n observations are taken. 
This shews that it is not the number only of observations which 
determines the accuracy of a result, but also their intelligent 
arrangement and reduction. Returning to the above example 
it IS easily seen that the result may be improved by making 
use of the first two and last two observations The interval 
between the first and the 11th is 96* for 10 vibrations or 9 60 
for one, the interval between the second and last is 97® for 
10 vibrations or 9 70 for one, the mean being 9*65 

The probable eiror of each of these results separately 
is e/10 and that of their mean therefore e/10 V2 or nearly e/14, 
as compared with e/11 m case only the first and last obser- 
vations are used. 

More generally taking the first p and the last p observa- 
tions and taking the difference between the (ii-j 3 -f-l)th and 
the first, that between the (n - p + 2)th and the second, and 
so on until we come to the difference between the last and 
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the observation, we secure p values of n— p intervals, the 
time of oscillation calculated from each separately will have a 
probable eiror e/(n — p) and the probable eiror of their mean will 
be jp) Vp The smallest probable error is obtained when 
(n -^p) sip is as large as possible for a given value of n, and it is 
easily shewn that this is the case when p = n/3 

Applying this to the above example it follows that it would 
be best to reject the 5th, 6th and 7th observations and to 
arrange the rest as follows — 


Event 

No 

Tune 

Event 

No 

Time 

Time of 8 
mtervals 

1 

11’^ 23“ 3* 

9 

llh 24 m 20 » 

1“ 17« 

2 

12 

10 

30 

18 

3 

22 

11 

39 

17 

4 

32 

12 

49 

17 


Sum 5“ 9* 

Mean 1 17 25 

/. Interval 9 656 


The observations which are not made use of need not be 
written down at all, but in that case great care is needed to 
avoid making an error in the number of observations which 
are omitted. The liability to error is reduced, and the re- 
liability of the result not materially interfered with by a 
slightly different arrangement. If p intervals are observed, 
ix. p + l observations taken, then p intervals omitted, and 
p again observed, the time when the last set of p observa- 
tions should commence may be readily calculated Thus m 
the above example if four intervals had been measured the 
difference of the first and fifth observation would have given 
38* for the time of four mtervals, adding 38“ to the fifth obser- 
vation the calculated time for the nmth would have been 
llh 23“ 41“ + 38“ = 11*^ 24“ 19*, the observer could therefore 
have rested till near that time and then carefully watched for 
the occurrence, which as the table shews actually took place 
at 24“ 20“. 
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The method which has been explained in connection with 
the measurement of time intervals, is equally applicable in 
other cases, such as that of temperatures measured with a uni- 
formly rising or falling thermometer read off at equal intervals 
of time, the rate of fall or nse of the thermometer being the 
quantity to be determined (Section XXIV) Sections (XIX) 
and (XX) also shew examples of the same method of reduction. 





SECTION TV. 

CALIBRATION OF A SPIRIT LEVEL 

Apparatus required : Spirit Level, tilting hoai d with level- 
Img screw, screw gauge 

The Spirit Level consists of a slightly bent tube (Fig 7, in 
which the curvature is exag- 
gerated) partly filled with alco- 
hol The bubble of air oi of 
vapour of alcohol left m the tube 
will always set itself so that it is 
at the highest point of the tube. 

The tube is generally divided as 
shewn in Fig 8, so that it is 
easily seen when the bubble is in 
the centre of the tube. If the 
level IS in proper adjustment the 
base of the plate to which the level is attached should be hori- 
zontal when the bubble is in the central position. It is therefore 
necessary that the central point D of the tube (Fig 7) should be 
farthest from the supporting plate AB An adjusting screw T 
is generally provided at one end of the level, by means of which 
the tube can be tilted with respect to the base to secure that 
this shall be the case If the table on which the level is placed 
is nearly but not quite hoiizontal, the bubble may not stand m 
the middle, but be slightly displaced , the position of its centre 
may be read off in scale divisions, and if the value of the scale 
division IS known, the inclination of the table to the horizontal 
may be calculated It is the object of the present exercise to 
calibrate the divisions of a level so as to find their values in 
angular measure, and also to shew how even if the spint level 
IS not itself in proper adjustment it may be used to determme 
whether a surface is horizontal. 


D 





Figs 7, 8. 


8. F. 
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If the level has not been tested and when placed on a table 
shews the centre of its bubble shifted to one side, it is un- 
certain whether this is due to the fact that the level is not in 
adjustment or that the table is not horizontal. But if the level 
be turned through 180 ° round a vertical axis so that the points 
A and B are interchanged, we may find out which is the correct 
interpietation. If the table is horizontal and the level wrong, 
the bubble should remain at the same place, for that point of 
the tube which is farthest from AB will remain so in whatever 
position the level is placed If on the other hand the level is 
correct and the table inclined, the bubble will move over to 
the other side and its new position will be changed with 
reference to the level, but will be the same in space as 
previously. 

You are provided with a tilting boaid supported on thiee 
legs, one of which can be screwed up or down so as to alter the 
angle of inclination of the board to the hoiizontal In order to 
be able to measure the amount through which the board is tilted, 
the movable leg carries a divided circle in the manner of 
a spherometer screw. The rotation of the screw is read 
on the divided head and its pitch must be separately de- 
termined. The board is to be placed with its legs on thick 



glass plates with their upper surfaces paiallel to each other, or 
better m the same plane, and the Spirit Level placed on the 
marked space at the centre of the board, with its length per- 
pendicular to the line joining the fixed legs of the board. See 
that the board supports the level at its ends, so that the bubble 
is not disturbed when one end of the level is pressed down gently 
with the finger. 

One end of the level is provided with an adjusting screw. 
Note the end at which this adjusting screw is placed. For the 
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Bake of uniformity begin with it at the nghfc-hand end. If the 
level has no adjusting screw, mark one end in some way and 
place it to the right. 

Level the board by means of its screw till the bubble is 
nearly in the centre. 

Let the readings of the ends of the bubble be, e ^ — 4 and 
+ *5, the divisions at the screw end of the level being called 
positive, those at the other end negative. 

Now remove the level and reverse it so that the screw 
end is to the left If the reading of the screw end of the 
bubble remains -f 5, the board is horizontal. If the reading 
IS altered to + 6 say, take out half the error by means of the 
board screw, so that the end of the bubble now reads + 55 

Reverse the level again so that its screw is on the right 
hand. 

This reversal should not alter the reading of the screw end 
of the bubble from 56 

If it does, again take out half the error by means of the 
board screw, and reverse again 

In this way a position of the board screw is found, such that 
reversal of the level produces no change in its readings 

The board is then horizontal 

Adjust the screw of the level till, when the level is on the 
board, the two ends of the bubble are at equal distances from 
the centre of the scale 

The level is then in proper adjustment for use 

If the level provided has no adjusting screw, the error of 
the level is thus determined and the calibration may be pro- 
ceeded with. 

To determine the value in degrees, minutes, and seconds, of 
each division of the level, place it with its screw end to the 
nght. Adjust the board screw till the centre of the bubble is 
at 0, and read the screw head. 

Now, adjust the board screw till the centre of the bubble is 
at 1 to the right of zero, and read the screw head, recording the 
number of turns and decimals of a turn Repeat, placing the 
centre of the bubble at 2 , and so on for the other divisions of 
the nght- hand scale. 


2—2 
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Again adjust the centre of the bubble to 0, read the screw 
head, and take observations as the bubble is moved to the left. 

Determine the pitch of the screw by first adjusting the 
screw till the centre of the bubble is at zero, reading the screw 
head, then inserting under the screw the small piece of plate- 
glass about 5 mms. thick provided, again adjusting the screw 
till the bubble is at zero, then reading the head and recording 
the number of turns and parts necessary to make the adjust- 
ment. Determine by the screw gauge the thickness of the 
glass-plate, and thence calculate the pitch of the board screw 

Measure the perpendicular distance I from the screw leg to 
the Ime joining the other two legs of the board. 

Then if n = number of turns of board sci ew from its reading 
when the bubble was at 0, and p = pitch of the screw, 

np = distance through which screw has been raised, 

and 7ijp/Z = angle in circular measure through which the board 
has been tilted (since the angle is small), 

or in angular measuie 

^ 180® Tip 

y • 

TT L 

Determine in this way the angle of tilt for each observation, 
and draw up a table as follows . — 

Tilting board A. 

24 16 cms 
10 615 turns. 
405 „ 
•507 cms. 
*0502 cms. 


Distance of screw from line joining fixed legs = 
Reading of screw head when glass inserted = 
„ „ „ no glass 

Thickness of glass = 

Pitch p of screw of board '507/10 11 = 

180° p _ 180 X 0502 _ 

314i'i 3 -i¥x24-2 * 
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Spirit Level A 


Readings 

n 

180® 
3l4l ” 

Inclination to horizontal 

centre of 
bubble 

screw 

bead 

e 

de 

0 screw end 

•100 

0 

0 

0 

, 

1 

1 388 

1 288 

156 

9' 22" 

9' 22" 

2 )) 

2 640 

2'540 

307 

18' 25" 

9' 3" 

3 

3 763 

3 663 

443 

26' 36" 

8' 11" 

4 » 

4 537 

4 437 

536 

32' 11" 

5' 45" 

6 

5 163 

5 063 

612 

36' 42" 

4' 31" 

6 „ 

5 683 

5 583 

676 

40' 34" 

3' 52" 


Similarly for readings of the bubble on the other end of 
the scale. 

The column headed hd gives the angle through which the 
level has to be tilted in order to shift the bubble through one 
division If the curvature of the tube of the level is constant, 
80 that its axis is an arc of a circle, the numbers m the last 
column should be the same The particular level to which the 
above numbers refer had a smaller curvature nearer the end 
than at the centre 

Students may find that the length of the bubble is not 
constant owing to the evaporation or condensation of the 
alcohol due to changes of temperature. Hence the necessity 
tor reading both ends of the bubble. 

Tilting tables of metal are now made, in which the pitch of 
the screw and distance of the screw fiom the fixed legs are so 
chosen that the sciew head can be graduated directly in minutes 
and seconds ot aic. 
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SECTION V. 

CALIBRATION OF A GRADUATED TUBE. 

Apparatus required: Oraduated tube, mirror, lens to be 
used as magmfying-glass, and clean mercury 

The graduations on a tube which is to be used for 
measurements, are as a rule placed at equal distances apart 
along the tube, but if the tube is used to measure volumes, 
the assumption that distances between the graduations repre- 
sent equal volumes of the tube, will lead to error unless the 
tube is of uniform bore It is the object of calibration to find 
the correction which must be applied to the reading on the 
scale of equal lengths, in order to convert it into one of equal 
volumes The calibration correction is that part of a division 
which must be added to any leading on the equal length scale 
in order to obtain the reading ot the same point on an equal 
volume scale 

Let a tube be provided with equidistant graduations, 1, 2, 
3, &c , see Fig 10, and imagine graduations i , il , ill , &c , along 
the same tube, such that the intervals between each represent 
not equal lengths, but equal volumes of the bore of the tube. 


0 1 ft » a 5 6 



o I B nr nr v 


Fig 10 

Thus the zeros of the scales being supposed to coincide, the 
division 1 on the scale of equal lengths corresponds to rather 
more than l, on the equal volume scale line, the correction 
at the pomt 1 is therefore positive. Similaily the coirections 
at points 2, 3 and 4 are positive, and at 6 and 6 negative. 

Let the corrections at successive divisions be ocay Xi, x^, 
&c., and suppose a mercury thread, which if the temperature is 
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constant will be of constant volume, say about equal to that of 
a scale division, to be pushed along the tube. 

In Fig 10 the ends of the thread lie approximately at the 
points marked 3 and 4 Let be the length of the thread 
when placed between the points 3 and 4. The point 3 of the 
equal length scale would lead S + iPa on the equal volume scale, 
the point 4 would lead 4 + ii?4, the true volume between these 
points would be therefore, not 1 but 1 — Similaily if a 

were the number of divisions between points maiked 3a and 4a 
on an equal length scale, the subdivisions being left out m 
Fig. 10, the true length of the interval would be not a but 
a 4- .74 -^3 

The excess of over a read on the equal length scale being 
small, will not be sensibly different when read on the equal 
volume scale, hence the coriected length of the thread becomes 
074 — ^8+54^ and this we know must be equal to the constant 
volume of the thiead, say I, wherever the thread is placed 

Applying this equation successively to the different positions 
of the thread we obtain the following n equations, 


: ( 1 ) 


^n — 1 4“ ^ — I ) 

involving 7^ + 2 unknown quantities, ^0, ^i> • • ^ Hence we 

must know two of the corrections, or at any rate two relations 
between them, to solve the equations. 

An important case of calibration is that of a thermometer 
between freezing point and boiling point, the corrections at 
these two points being determined by experiment, i e., and 
are known, and there only remain n unknown quantities 

In that case, to solve the above set of equations, add them 
up and we get 

— ^0 + sum of all Ss = nZ (2), 

, — ^0 + sum of Ss 


= b, say. 
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Hence from (1) 

^ == 01/0 -f- S ~ Si®, ^ 

= a?i + 8 - = fl?o + (S - 8i®) + { 6 - Sji), 

^, = a?a-f 8-S3* = a;o + (8-Si®)-f(8-8aO + (S-~ Ss*), W3) 

=^o + (S-Si®)+ 4.(8^Sn"“^). 

From which, since Xn and Xq are given, x^ may be calculated 
from the first equation since Sj® has been determined. Having 
found Xiy a?a is calculated from the next equation, and so on 
successively for all the corrections If the calculations have 
been carried out correctly the calculated value of x^ should 
agree with that assumed 

A tube 18 given to you divided into millimetres (Fig 11) It 


Fig 11 

18 to be calibrated between points 16 cms apart, the errors being 
required for points at a distance of 2 cms apart. That is to say, 
assuming the first and seventeenth centimetre division to be 
known, the errors at the third, fifth, &c division aie to be 
found 

The most difficult part of the operation consists m obtaining 
a mercury thread of the required length It may most easily 
be accomplished by slipping a short piece of indiarubber tubing 
over one end of the glass tube The free end of the rubber 
tube IS then compressed between the finger and thumb of the 
right hand, so as to close it completely, the end of the glass 
capillary tube dipped into clean mercury, and then the rest of 
the rubber tube compressed between the finger and thumb of 
the left hand to expel a little air from it. On releasing the 
left hand, a thread of mercury is drawn up. 

The capillary tube should then be quickly placed nearly 
hoiizontal with the lower end over the meicury m the bottle, 
and the end of the rubber tube released By gently tilting the 
tube, the thread may be moved from end to end of the tube, 
and it should be noted whether it moves freely without leaving 
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portions of mercury behind, or the ends of the thread ceasing to 
be convex. If this is not the case the thread should be removed 
from the tube and the tube cleaned, first with a little dilute acid, 
then with water, then with alcohol, and thoroughly dried A 
thread of mercury should then be drawn up into the tube, made 
to approach the lower end of the tube, and a small drop of 
mercury forced out and cut ofiF with the finger-nail or a knife. 

By carrying out this operation several times the thread 
may be diminished in length till it occupies between 19 and 21 
of the small scale divisions, t.e. within 1 mm. of 2 centimetres 
When this is the case, move the thread till its left-hand 
end nearly coincides with the division on the left at which the 
calibration is to commence 

Place the tube on a strip of mirror glass and read both ends 
of the mercury thiead by means of a magnifying lens, avoiding 
parallax by placing the eye so that its image is covered by the 
part read or so that the graduation nearest the end of the 
thread coveis its image in the meicury, and then slipping the 
lens into position between the eye and the scale The excess 
of the observed length of the thread over 20 scale divisions is 
the of the pieceding equations 

Now move the thread forward 20 small scale divisions so 
that its left-hand end nearly occupies the position of the right- 
hand end in the previous case, and obtain as before 

Continue the operation till the ends have been read in 
eight successive positions, and then take readings as the thread 
IS moved backwards The means of the 8s observed at each 
part of the scale going and returning should be used in the 
calculations, which should be carried out and tabulated as 
shewn below. 

A check for some of the intermediate points may be 
obtained by taking threads 4 and 8 cms long. Calling the 
first division 0, the 4 cms thread will give the corrections at 
the points 4, 8 and 12, while the 8 cms. thread will only give 
the correction at the division 8 

To calculate the corrections it is necessary first to find 8, 
from Xq, Xn and the quantities Si®, 82^ &c. If these are tabulated 
as shewn below and 8 found, the differences 8 — 8i®, 8 — 83^ may 
be written down as in the fifth column and the corrections 
obtained by successive addition. 
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Arrange your observations and calculations as follows, 
giving the mark on the label attached to the tube so that it 
may be identified — 

Tube B Date 3 Jan, 1898. 


*0 = 010 Tie = 018 * 


Going 

Returning 

Mean 

&C 

Corrections 

- 04 to 2 03 = 2 07 
198 to 4 04 = 2 06 

3 96 to 6 02 = 2 06 

6 98 to 8-04 = 2 06 

8 00 to 10 03 = 2 03 

9 99 to 12 01 = 2 02 

12 01 to 14 02 = 2 01 

13 99 to 16 00 = 2 01 

- 08 to 2 0 = 2-08 

2 075 

2 065 

2 062 

2 067 

2 032 

2 017 

2 017 

2 005 

- 0315 

- 0215 

- 0186 
- 0235 
+ 0115 
+ 0265 
+ 0265 
-f 0385 

+ 010 = xo 

- 021 = r2 

- 043= r4 

- 062 -=xg 

- 085 = X8 

- 074 = rio 

- 047=r]2 

~ 020 = ti4 

4 018 = Xi8 


^16 ~ ^0 — 
Sum = 

008 
16 348 


^=5= 

n 

2 0435 

- 05 to 4 10 = 4 15 

4 01 to 8 17 = 4 16 
7-97 to 12 06 = 4 09 
12 01 to 16 04 = 4 03 

- 06 to 4 10 = 4-16 

<&o. 

4 156 ! 
4 160 

4 096 

4 005 

- 049 

- 054 

•f oil 
+ 100 

+ 010 =Xo 

- 039 = X4 

- 093 = T8 

- 082 = xi2 

+ 018 = Xi6 


XiQ - Xo = 

Sum = 

008 
16 423 


— 5 — 

77 

4 1057 

- 08 to 8 12=8 15 

7 92 to 17 89 = 7 97 

- 04 to 8 12 = 8 16 

8 165 

7 955 

^ -096 
+ 104 

4- 01 = Xq 

- 086 = X8 

4 -018 = xie 


XlQ - Xq = 

Sum = 

008 
16 118 


5 _ 
77 

8 059 


* These numbers are assumed given for the sake of completing the exercise. 


Taking the readings along the tube as abscissae and the 
corrections at these readings as found by the first measurements 
as ordinates, above or below according as the correction is 
positive or negative, plot a ‘‘Calibration Curve'* for the tube 
as shewn below, Fig. 12. 

Do the same for the second and third sets of readings, 
taking the same abscissae. 
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If I is the length of the mercury thread in any position, and 
A the mean area of the cross 
section of the tube within the 
part occupied by the mercury 
thread, Al is the volume of the 
thread As this volume remains 
constant as the thread is moved, 
the length of the thread varies 
inversely as the mean area of 
cross section within its length 
Hence by taking again dis- 
tances along the tube as abscis- 
sae, and erecting at the diflFerent points occupied by the centre 
of the mercury thread ordinates inversely proportional to the 
observed lengths of the threads, we get a representation of the 
way in which the cross section of the tube varies. 


Centre of 
thread 

Length of 
thread 

Reciprocal of 
length 


2 075 cms. 

482 


065 

484 


062 

485 


067 

•484 


•032 

492 

11 

•017 

495 

13 

•017 

•496 

15 

2 005 

•499 


Plot these reciprocals as shewn below, Fig 13 
The most important practical application of the preceding 
exercise occurs in the calibra- 
tion of thermometer tubes All 
thermometers used for accurate 
work should be calibrated either 
by the maker or by the observer. 

Information as to the methods 
of breaking off a mercury thread 
and complete methods of cali- 
bration will be found in Guil- 
laume’s Thermomitrie. 
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Fig 12. 


Fig 18. 






BOOK II. 

MECHANICS AND GENERAL PHYSICS. 


SECTION VI. 

THE BALANCE. 

Apparatus required: Delicate balancCy centigram rider, 
wo 500 gram weights 

The Balance, in its simplest form, consists of a straight beam 
(Fig 14) provided at its 
centre with a knife edge G 
)n which it IS supported, and 
jarrying at its ends the pans 
^ and Q, on which the masses 
.0 be compared are placed. 

.f the two halves of the beam 
Lie alike in every respect, so that the centre of gravity of the 
>eam is at the point of support G, and if the pans have equal 
naas, the balance will be m neutral equilibrium, whether 
mloaded or loaded with equal masses If unequal masses are 
)laced in the pans, the equilibrium will be unstable, however 
imall the inequality may be 

It would be inconvenient to have a delicate balance con- 
itructed according to this principle, for as two masses are never 
jxactly equal, the balance would never be m equilibrium. 

delicate balance, to be useful, should allow us to deterrnme 
he difference between two 
learly equal masses, and it is 
iroved m treatises on Me- 
hanics that this can be done 
)y constructing the beam AB 
>f the balance so that its centre 




Fig 15. 
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of gravity is slightly below the fulcrum C, The balance will 
then have a stable position of rest even if the two weights 
P and Q are not quite equal, and the amount of inequality 
may be determined by an observation of this position. 

The pans of a delicate balance are suspended from agate 
planes supported on knife edges at the ends of the beam, which 
IS itself provided at its centre with a knife edge resting on 
an agate plane at the top of the pillar (Fig 15) The accuracy 
which can be attained in weighing, depends to a great extent 
on the freedom with which these three knife edges can turn on 
their planes In order to save these delicate parts as much as 
possible from wear and tear, a so-called arrestment is provided, 
by means of which the central knife edge of the beam may be 
raised from its agate plane, while at the same time the agate 
planes of the pans are raised from their knife edges* The 
balance is enclosed in a glass case, and the arrestment worked 
from the outside by the screw head in front of the case 
Whenever the balance is not m use the arrestment should be 
raised* The change of position of the beam of the balance is 
observed by the help of a pointer attached to the beam, the free 
end of which moves in front of a scale at the foot of the pillar 

Before beginning to work, students should carefully inspect 



Fig. 16w 
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the balance (without opening the case), and make in their note- 
book a rough sketch of the mechanism of suspension and 
arrestment. The reference books in the laboratory library 
contain detailed descriptions of the balance, which may be 
consulted with advantage. 


Exercise 1. To find the zero of the unloaded 
balance. 


Carefully lower the arrestment of the balance, and watch 
the movement of the pointer If it moves slowly through a 
range of from 3 to 6 divisions of the scale, observations may be 
commenced. If the extent of the swing is greater, it is a sign 
that the arrestment was not handled with suflScient care; it 
should be gently raised again, and lowei ed more slowly. If the 
swing IS too small, open one of the windows of the balance and 
produce a weak current of air by gently waving your hand 
a few times inside the case, being careful not to bring it into 
contact with any part of the balance A little practice will 
enable you to obtain a workable swing. The window is then 
shut and the observations commenced. 


As It would take too long to wait until the balance has 
come to rest, the position of rest must be determined by 
observations made during its motion 

For this purpose the turning points of the pointer on the 
scale must be observed. If the balance moved without any 
friction, the pomter would move to equal distances on both 
sides of the position of rest, which could therefore easily be 
deduced from two successive readings of the turning points. 
Owing to friction the oscillations gradually dimmish, and in 
order to find the position of rest more than two readings are 
required. 

The following example will shew how the position of rest 
of the balance is calculated from 


thiee observations of the turning 
points of the pointer 

Suppose that after the ar- 
restment has been carefully 



0 5 10 15 20 

Fig. 17. 
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lowered, the pointer moves to the right, then turns back again 
to the left at a point which is not observed. Let the three 
following turning points, indicated by arrows m Fig 17, be 
read off as follows 110, 16 6, 11 6, the centre of the scale 
over which the pointer moves being marked 10 m order to 
avoid negative numbers If there were no friction the arith- 
metical mean between 110 and 16 6 would give the position of 
equilibiium In reality this mean (13 8) gives too small a 
value, for without friction the needle would have moved beyond 
16 6. For the same reason the mean of 16 6 and 11 6 (14 10) 
would give too large a value, and as the frictional retardation 
has been practically the same during the forward and during 
the backward swing, the errors of the two means will be equal 
and in opposite directions, and hence the arithmetical mean 
between 13 8 and 1410, te. 13 95, gives a suflEiciently correct 
result for the required position of rest The same numerical 
result IS obtained by taking the mean of the two successive 
swings on one side (11 30 in the above example) and then the 
mean between tins number and the intermediate turning point 
on the other side. Thus the mean of 11 30 and 16’6, or 13 95, 
would be the true position of rest If the numbers in the first 
mstance be read off correctly to a tenth of a division, the final 
result involving three readings may be given to another decimal 
place, for though the observations may not be suflSciently 
accurate to fix the final position within a hundredth of a scale 
division, they should be sufficiently accurate to determine it 
more nearly than a tenth of a division. Practice will enable 
the student to read with ceitamty to less than a tenth of a 
division. 

The effect of small errors of observation on the final result 
will be diminished by taking an uneven number of readings 
more than three, beginning and ending on the same side. 
The same method of reduction may then be employed. 
There is, however, a considerable loss of time when too 
many readings are taken, the time being better employed 
in taking a fresh observation altogether, and unless there 
are special reasons to the contrary, students in the laboratory 
should take only five successive readings and put them 
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down m their note-book as in the following example, noting 
the temperature indicated by the thermometer m the balance 
case. 


18 June 1896 Balance. A. 



Turning points 

left 

right 

74 

76 

77 

131 

13 0 

Sums 

Means 

22 7 

7 67 

261 

13 05 

Position of 
rest 

10 31 


Temperature 18' 1 C 


Whenever a weighing is taken the observations should be 
recorded as above, but in wnting out results, the final positions 
of rest and the temperatures need only be given 

To bring the balance to rest raise the arrestment gently 
so that it lifts the beam when the pointer is passing through 
the point of rest, and thus injures the knife edge as little as 
possible 

Take three sets of observations of the position of rest of the 
balance, raising the arrestment between each set Find the mean 
value of the zero as determined by the three sets 

The temperature of the balance case is required in this and 
the next exercise, in order that it may be ascertained by 
observations taken on different days whether the zero of the 
balance shews any appreciable change dependmg on temperature 
For ordinary purposes it is not usual or necessary to observe 
the temperatura 
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Exercise II. To find the sensibility of the unloaded 

balance. 

The change produced in the position of rest of an unloaded 
balance by 1 milligram excess of weight on one side, is 
known as the “sensibility” of the unloaded balance The 
sensibility varies to some extent with the load placed on 
the pans In order to produce a small excess of weight (less 
than 1 centigram) a rider is provided, which, by means of a 
sliding rod, may be shifted along the beam The weight of the 
rider is 1 centigram^, but the nearer it is to the fulcrum of 
the balance, the smaller will be its turning moment ; each half 
of the beam is divided into 10 equal parts marked 1, 2... from 
the centre to the end, so that if the rider stands at say 2, its 
effect IS the same as the addition of 2 milligrams to the weights 
on the pan. 

To find the sensibility it will in general be sufficient, by 
means of the rider, to add to one side a weight equivalent to 
1 mgrm. (or for sake of greater accuracy 2 mgrms dividing the 
resulting change of position of the pomter by two) In order 
to obtain suflScient practice in accurate weighing, the student 
IS required to determine the positions of rest, varying the excess 
of weight from 8 mgrms on one side, to 8 mgrms on the other 
of the centre of the beam If, however, the balance is very 
sensitive, it may not be possible to keep the swings within the 
limit prescribed above (6 scale divisions), when an excess of 
6 or 8 mgrms is placed on one side 

The observations should be taken and recorded as in 
Exercise I. The numbers obtained should be summarised in 
the Book of Results as follows* — 


^ The weights of riders sold commercially often differ so much from their 
nominal value that serious errors may be mtioduoed if they are used without 
being tested. 


8. P. 


3 
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20 June 1896 Balance A, 


Time, 

10 h. 10 m 



Temperature of Balance Case, 18® 2 0. 

Sensibility 

Mgs excess of Weight 

Position of Rest 

Difference 


0 

10 07 



On left side: 8 

12 79 



6 

12 17 

62 


4 

11 43 

74 


2 

10 81 

62 


0 

10 13 

68 \ 

•338 

On light side 2 

9 46 

67 1 

4 

8 81 

65 


6 

8 11 

70 


8 

7 42 

69 


0 ' 

1015 



Temperature of Balance Case, 1 8® 9 0 


Time, 

lOh 50m 




Position of rest at beginning of experiment .. 10 07 

„ „ end „ 10 15 

Temperature at beginning „ 18° 2 0. 

„ „ end „ . 18° 9 

Sensibility of balance 338 

Note — In calculating the sensibility of the balance, the only 
numbers in the above table taken into account, are those which 
give the deflections produced by 2 mgrms, on either side of the 
zero of the balance 

The sensibility of the balance may be increased or dimi- 
nished by raising or lowering the centre of gravity of the beam, 
and each balance is provided with an adjustment for this 
purpose But it must be remembered that an increase in the 
sensibility does not necessarily mean an increase in the accuracy 
with which a weighing can be made. As the balance is made 
more sensitive, its time of vibration increases, each weighing 
consequently takes a longer time, and small changes in the zero 
of the balance may take place owing to changes of temperature 
or other causes. The longer the time, the greater the proba- 
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bility of the occurrence of such disturbances Moreover, the 
extra time thus spent might just as well be spent m repeating 
the weighing with the former sensibility, and the result would 
probably be improved more m this way than in the other 
There is always a limit to the accuracy with which a balance 
will weigh, and once that degree of accuracy has been attained 
by a careful reading of the position of rest, it does more harm 
than good to attempt to increase the sensibility Students 
will obtain the best results by carefully practising the method 
of obtaining the position of rest which has been explained 
above, depending on accuracy of leading rather than on a great 
sensibility of their balance. 

Exercise III. To find the zero of the loaded balance. 

If two exactly equal masses were available, to find the 
zero of the balance when loaded with them, it would simply 
be necessary to find the position of rest when the masses 
were placed in the pans As however absolute equality is not 
easily attainable, we must find a way to determine the zero 
notwithstanding the inequality of the masses If the position 
of rest has been found with two weights, P and Q, in the pans, 
then if the weights were equal, on interchanging them the 
position of rest would be exactly the same, and this would be 
the case independently of any adjustment of the balance Even 
if the arms are not equally long, or if they alter their length by 
bending, two equal weights may still be interchanged without 
change in the position of rest 

But suppose the position of rest is 12 3 when P is on the 
left-hand side, and 10 7 when P is on the right If Q were 
slightly increased, the first number would be diminished and 
the second number increased by equal amounts, and the 
difference in the two readings would dimmish It follows that 
if 'the increase m Q were such that the new position of rest is 
the arithmetical mean between 123 and 10*7, t.e 115, no 
change would be produced on interchanging the weights, and 
hence 11 5 is the position which the balance would take up if 
equal weights P were placed in the pans 

If the sensibility of the balance were known, the experiment 

3—2 
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would give the difference between P and Q, which is evidently 
the weight required to be added to Q m order to produce a 
difference of 12*3 — 11 5 = 8 scale division. 

Two masses weighing nearly 500 grams are provided Com- 
pare the position of rest when the pans are empty, with the 
position of lest when these equal masses are placed m them. 

Observe the temperature 

Take one observation without weights, then one with the* 
weight marked 1 in the left and that marked 2 m the right 
pan, one with the weights reversed, then one with the weights 
as at first, then one without weights. 

Again observe the temperature 

Note — If the masses are not placed quite centrally on the 
scale pans, the pans will oscillate, and errors may thus be 
introduced In accurate weighing this should be avoided as 
much as possible, by arranging the weights symmetrically. 
Oscillations may be stopped before the arrestment is lowered, 
by carefully placing the open hand so as just to touch the pan 
with thumb and forefinger, or by touching it with a camel hair 
brush 

The results are entered as follows * 


20 June 1896. Balance A, 


Temperature .... 

18“ 50. 

Zero of balance without load 

11 34 

Weight no. 1 on left pan ; position of rest 

.. 1010 

9 

» " » » 

1142 

l> I ff 9f 

.. 1014 

Zero of balance without load 

11-44 

Temperature 

. IS^OC 

Mean temperature 

... 18“-7C. 

Zero of balance for load 500 grs 

10 77 ‘ 

Mean zero of balance without load 

. 11 39 

Change of zero 

•62 

Change of temperature ... 

•4“C. 


^ This number ib obtained by combining the mean of the readings found 
with weight no. 1 on the left pan, with the reading found when that weight was 
on the right pan. 
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Exercise IV. To find the sensibility of the loaded 
balance. 

In Fig 15 the three knife edges are represented as being 
in the same straight hue, but 
this 13 not necessarily the case 
Let A and 5, Fig 18, represent 
the knife edges from which the 
pans are suspended, and C the 
knife edge on which the beam 
of the balance rests We shall 
assume that by means of the 
movable vane attached to the beam, the centre of gravity G, 
of the beam alone, has been adjusted so that when it is 
vertically beneath C the line AB is horizontal Let the dis- 
tances of Q and of the line AB below (7 be A and k respectively. 
Then if P be the weight of the pan and contents, and a the 
length of the arm, on the left, and Q that of pan and contents, 
and 6 the arm, on the- right, and if 6 be the rotation of the beam 
produced, we have, taking moments about 0, 

P (a cos 0 — sin 0) == Q (6 cos 0 -f- A: sin 0) -f Wh sin 
. Pa — Qb 

If Q = P -hjp, then since as a rule h will be equal to a, and k 
will be small, the expression may be written, neglecting pk m 
the denommator . — 

The deflection 6 produced by a given excess of weight p on 
one side will therefore diminish with the load if k is positive, 
and increase with the load if k is negative But the value of k 
itself will vary with the load, as the beam of the balance always 
bends a little, and the knife edges descend as the load is 
increased The makers sometimes adjust the knife edges so 
that the line AB is slightly above G when the balance is 
unloaded, and below G when the balance is loaded with more 
than half the maximum load for which it is intended. In that 



Fig 18. 
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case the sensibility will first increase and will then decrease 
with the load. 

A nut moving on a vertical screw above the beam is 
generally provided by the makers so as to allow a small 
adjustment of the position of C. 

Theoretical Exercise for Advanced Students — Writing in- 
stead of ^7, — ^0 + XP in order to indicate its change with the 
load, prove that the maximum sensitiveness will be reached 
k 

for the weight P' = ^ , and that ko and X are determined by 


the equations 

2X (Pi — P 2 ) (Pi + P 2 — 2P') = pa (cot 01 — cot 0^), 
h {Pi P 2 ) (Pi + P 2 — 2P') = P' pa (cot ^1 - cot 0^, 
where a represents the length of the beam, and p the additional 
weight which produces deflections 0i and 0^ when the loads are 
Pi and Pa respectively 

With the help of these equations the quantities k^ and X 
could be calculated , but the result depends on the assumption 
that the bending of the beam is symmetrical and proportional 
to the load, and that it does not throw the centre of gravity of 
the beam to one side 

Determine the positions of rest of the balance under the 
following conditions . — 

(1) The two 500 giam weights in the pans 

(2) An excess of 2 mgrs. on the left (3) As in (1). 

(4) An excess of 2 mgrs. on the right. (5) As in (1). 

Enter your results as follows • — 


7 Oct 1896. Balance A, 



Time at beginning of experiment, 1 1 h 

15 m. 

Position of rest 


(1) 

with load of 600 grms 

7 98] 

(2) 

„ + excess of 2 mgrs on left 

8 38 V 8-04 34 

(3) 

>1 • • • 

8 I 0 J] 

(4) 

„ 4- excess of 2 mrgs on right 

7 84 [819 -36 

( 0 ) 

,, ... • • t . . 

8 28 J 


Time at end of experiment, 11 h. 32 m. 
Mean sensibility 172 
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Exercise V. To determine the ratio of the arms 
of the balance. 


If we assume that the ratio of the lengths of the arms of 
a balance is not affected by the bending of the beams, the 
change of zero with the load can only be due to an inequality m 
the arms of the balance, and the data obtained in Exercises III. 
and IV are sufficient to determine that ratio In Exeicise III 
the change of zero from no load to one of 500 grams was found 
to be 62 divisions, and in Exercise IV, the sensibility was 
found to be *17 , hence to bring the loaded balance with its 
zero 10 77 to the unloaded zeio 1139 we should have to add 


•62 


-j _ == 3 6 mgrs on the left-hand side 


Let this quantity be 


denoted by p, and let the lengths of the left and right arms 
of the balance be a and b respectively When the loaded 
balance comes to rest, the moments which act on the beam will 
be the same as in the case of the unloaded balance, with the 
addition o{{P+p) aon tlie left side, and P6 on the right side> 
and if the position of equilibrium is unaltered it follows that 


or 


(P-tp)a = P6, 


-- 1+5 

a F 


1 + 


0036 

500 


1 000,0072. 


As the beam of the balance has a length of about 22 cms., 
the error of adjustment of the knife edges only amounts to 
•00016 cms. 



SECTION VTL 

ACCURATE WEIGHING WITH THE BALANCE 

Apparatus required : Balance, piece of quartz, box of 
weights. 

The method to be adopted in weighing depends on the 
object for which it is earned out Extreme accuracy always 
means the spending of a good deal of time on the observations, 
which would be wasted if from the nature of the case such 
accuracy were unnecessary. 

In chemical analysis relative weights only are required, and 
an inequality of the arms of the balance will not affect these so 
long as the weighings are carried out on the same side, and the 
method of Exercise I. p. 30 may therefore be adopted. More- 
over, in many cases the errors introduced by impurities in the 
substances or by other causes, may amount to several mgrms , 
and as it would then be absurd to conduct the weighing cor- 
rectly to the 10th part of a mgrm , the method may be further 
shortened, by reading three turning points instead of five, by 
assuming the zero to remain constant dunng the senes of 
weighings so that it need only be taken once, and especially 
by using a less sensitive balance having a shorter time of 
vibiation 

If the same balance is always used, much time may be 
saved by determining its sensitiveness for different loads once 
for all Unless the adjustment is altered, the sensitiveness will 
remain the same for a considerable penod. 

The custom of assuming the zero always to be at the centre 
of the scale, is not to be commended, as it may cause serious 
errors The student should first learn to weigh accurately 
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irrespective of the time it takes, he will gradually learn to 
weigh quickly, and to know how to save time when great 
accuracy is not required. In all cases where absolute and not 
merely relative w^eights are required, some method should be 
used which eliminates all errors of the balance, and coirections 
must also be made for the upward pressure of the air in which 
the weighing is conducted. We proceed to explain the way in 
which this IS done. 

Coriections to he applied to weighings for the buoyancy 
of the air. 

When a body is surrounded by air, it is acted on by an 
upward force equal to the weight of the air it displaces. Two 
bodies having equal masses but different densities, will occupy 
different volumes, and if these bodies are placed on the two 
pans of the balance, it will show an apparent inequality m the 
weights owing to the difference in the upward pressure of the 
air on the two bodies On the other hand, if two masses of 
different densities balance each other completely when placed 
on the pans, they will not in reality be equal 

If M IS the mass of the substance weighed, and p its density, 
its volume is if/p, and the upward force of the air will be equal 
to the weight of a mass MXjp of air, where \ is the density of 
the air. 

Hence the resultant downward force which acts on the 
beam of the balance, is the same as if the surrounding air had 
been removed and a mass if (1 — X/p) placed in the pan. Simi- 
larly a mass W of density a in the second pan, produces the 
same downward force as a mass W (1 — X/cr) suspended in vacuo. 
If the balance, supposed to possess equal arms, is in equilibrium, 
we have — 

i/(l-X/p)=lT(l-X/a-). 

Hence 

if = If (1 — X/<7)/(l — X/p) = Tf (1 - X/<7 -h X/p) approx. 

The last approximate result is obtamed by neglecting the 
squares of the small quantities X/p and X/o-, which is in this 
case allowable (see Intermediate Practical Physics, pp. 14 
and 15). Hence the quantity which has to be added to the 
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apparent mass W of the weights to obtain the true mass M of 
the body weighed is 



when a represents the density of the weights, generally brass, 
and may be taken to be 8 4 The density X will vary with 
the pressure and temperature of the air, and the amount of* 
moisture present. It will be seen that the correction is positive 
01 negative, according as the density of the substance weighed 
is less than or greater than that of brass. If the masses on one 
or both sides of the balance consist of different materials, the 
correction must be determined separately for each Thus if 
the weights are partly of brass and partly of platinum, it may 
be necessaiy to take this into account, and the correction be- 
comes 


X 


‘W 

.P 


3 

0-1 



when TTi, (Ti are the mass and density of the brass weights, and 
TFa, cTg those of the platinum weights. 

In the example given to illustrate Exercise II of the present 
section, a mass of quartz weighing nearly 200 grms is weighed 
to a tenth of a milligram, ^ e , to about one part in two millions 
The density of quartz being 2 65, the correction for buoyancy 
amounts to about 68 mgrms , and has therefore to be determined 
with an accuracy of one part m 680 This means that the 
temperature of the air in which the quartz is weighed, must be 
known to J of a degree, and its pressure to 1 millimetre of 
mercury. The amount of moisture present m the air should 
also be known, but no appreciable error will be committed if 
the air is assumed to be half saturated It may also be verified 
that an error of one part in a thousand in the assumed densities 
of the quartz and the brass weights, would cause errors of T and 
03 mgrm respectively in the weighing. This shews how very 
difficult it is to weigh accurately to one part in a million 

Before passing on to the Exercises in weighing, students 
should read carefully through the following instructions, which 
must be rigidly adhered to, as otherwise the balance may be 
seriously damaged. 
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Precautions necessary in weighing with a delicate balance 

1. Test whether the balance is in working condition by 
lowering the arrestment carefully, the pointer should slowly 
swing through a few divisions only. 

2 See that the box of weights is complete, then place the 
riders on their supporting arms 

3. Do not touch the weights with your fingers but with the 
pincers or forks provided 

4 Never place weights on the pans or take weights off, except 
when the balance is arrested 

6 The arrestment must be lowered with special care during 
the first stages of weighing, when the weights on the two sides 
are not yet nearly equal Watch the pointer while the arrest- 
ment IS lowered very slowly As soon as the pointer is seen to 
start sharply to one side, raise the arrestment Notice carefully 
whether the motion of the pointer to the left or right means 
that the weights placed m the pan are too small or too great 

6 If the arrestment is to be raised while the balance is 
swinging, wait till the pointer is nearly at its central position, 
then raise The least possible injury will in this way be done 
to the knife edges 

7 The final weighings must be made with the balance case 
closed, and care must be taken that the pans do not swing 
Large swings of the pans should be carefully stopped by touching 
the pans with thumb and forefinger or with a camel hair brush 
while the beam is arrested. 

8 In reading successive turning pomts take no account of 
the first, which is sometimes irregular 

9. When the weighing is complete, replace the weights 
carefully into their proper places m the box, remove the 
arrestment handle, place it in the balance case, and close the 
case 

Exercise 1. To weigh a body using the zero at 
no load. 

1 Find the position of rest of the balance without load. 
Call this the zero of the balance at no load for the time being 
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2. First ascertain by tnal on a rough balance, that the weight 
of the given quartz crystal is say between 100 and 200 grms., 
then place it in one pan (the left for instance) and weigh to the 
nearest centigram m the following way • — Put 100 grms in the 
right pan and add the weight which comes next in descending 
order of magnitude in the box of weights Continue adding 
weights as you have been taught to do in the Intermediate^ 
Course (p 60 and 61), until you find that the addition of 
another centigram shews excess of weight Determine the 
weights on the pan, by noting the empty compartments in the 
box of weights, and record in your note-book. The number 
found must be checked by noting the weights themselves as 
they are removed from the pan at the end of the expenment. 

3 Determine the weight to the nearest 2 milligi’ams. 

Use the rider for this purpose, placing it first at the point 

marked 6 on the beam, then at 8 or at 4, according as the 
additional 6 mgrms have been found too small or too great. 
The student will have been able to proceed so far without 
taking readings of the pointer But at this stage he will have 
to make a rough determination of the position of rest by taking 
the arithmetical mean of the readings of two consecutive turning 
points. As he gets nearer to the true value of the weight, he 
will have to determine the position of rest more accuiately, and 
it will be necessary to read five turning points 

Let it be found in this way, that the weight lies between 
185 874 and 185 876 grms. 

4 Determine the weight to the tenth part of a milligram. 

Observe accurately the positions of rest for the two weights 

differmg by 2 milligrams between which the true value has 
just been found to he. Then by interpolation calculate the 
weight which would bring the position of rest to the zero at no 
load With very delicate balances it may be necessary to deter- 
mine the weight to the nearest milligram before proceedmg to 
interpolation. 

5 Again determine the zero at no load 

Enter your results as tollows ; — 
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5 Oct 1896. Balance: A. 

Zero of unloaded balance . . . . 10 36 

Position of rest with 185 878 grms in right pan . . 11 58 

„ „ „ „ + 2 mgrms „ „ 9 89 

Zero of unloaded balance ... . . 10 34 

Mean zero at no load ... ... 10 35 

Difference produced by 2 mgrms 11 58 - 9 89 = .. 1 69 

Additional weight required in scale divisions 11 58 - 10 35 = 1 23 

2 X 1 23 


» n » in mgrms — . 15 mgrs. 

Required weight . 185 8795 grams. 

Exercise II. To weigh a body by the method of 

interchanges^ sometimes called Gausses method. 

The method given in Exercise I does not correct for any of 
the errors of the balance, and if the weight is to be obtained 
accurately, it is necessary to adopt the method given in the 
present exercise, or one equivalent to it The method, which 
has already been used in Exercise III. of the previous section, 
consists in interchanging the weights in the pans, and finding 
directly, or by interpolation, a weight which will bring the 
balance to the same position of rest, whether the substance to 
be weighed is in the right or in the left pan It is clear that 
two weights which can be interchanged without altering the 
position of rest of the balance, must be equal 

Proceed as follows . — 

1. Find the weight to the nearest 2 mgrms, as in Exer- 
cise I. 

2 Find the position of rest when the substance is placed 
m the left pan, the lower one of the two hmitmg weights being 
placed on the right-hand side of the beam 

3. Interchange weights and substance and find the position 
of rest, being careful to remove the nder from the right-hand 
beam, and to place it or a similar one at the correspondmg point 
on the left-hand beam. 

4 Interchange once more, so as to bring back the substance 
mto the pan m which it was originally placed 

5 Increase the weight on the nght side by 2 mgrms, 
and determine the position of rest. 
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Reduce and enter as follows : 

5 Oct 1896 Balance: A. 

Position of rest with 185*878 grm. weights on right , 10 57 (a) 

left 10 00 (6) 

„ „ „ „ right 10 45 (c) 

„ „ + 2 mgrms „ „ 8 94 

Difference produced by 2 mgrms ... .. 1 51 

Mean of (a) and (c) . . 10 51 

Zero of balance with load ^ ^9 90 10 26 

Additional weight required in scale divisions 10 26 ~ 10 00 26 

2 X *26 

„ ,, „ „ mgrms = • 34 mgrms 

Required weight ... 185 87834 grams 

JN^ote — It may happen, if the arms of the balance are not 
sufficiently equal, that the weight does not in reality lie between 
the two limits found in Exercise I If the real weight is above 
the higher limit, the additional weight required to produce the 
balance will be found greater than 2 mgrms If, on the other 
hand, the true weight is smaller than the lower limit, the posi- 
tion of rest when the weights are on the right ((a) and (c) 
above) gives a lower reading than in (6) when the weights are 
in the left pan Thus, suppose the reading for (6) had been 
110 instead of 10 0 we should have had to write 
Additional weight required in scale divisions 10 26 -11 00=— 74, 
the negative sign indicating that the correction has to be sub- 
tracted from 186*878 Students should note carefully whether 
the correction they find is to be added or subti acted 

It will be observed that the substance is weighed twice 
in one pan and once in the other The object of this is to 
eliminate the effects of changes in the balance which take place 
if the temperature of the balance case is increasing owing to 
the approach of the obseiver, or to the presence of gas flames 
The difference between (a) and (c) m the above examjJe, may 
either be due to accidental causes or to a systematic change. 
If the former, the mean will be a more probable value of the 
position of rest than either of the observed numbers; if the 
latter, the mean will represent the position of rest at the time 
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at which the observation (b) was taken, provided the observa- 
tions were carried out at nearly equal intervals of time In any 
case to get the best result the mean of the first and third 
observations should be compared with the second. If extreme 
accuracy is not required, the third observation may be dis- 
pensed with , if, on the other hand, it is required to determine 
the position of rest correctly to the hundredth part of a scale 
division, it will be necessary to interchange the weights 
oftener. 

To complete the exeicise, the result should be checked by 
placing the rider at the position correspoiidmg to the weight 
found to the nearest tenth of a milligram (185 8783), and the 
weighing repeated. The barometer and thermometer should 
also be read, so that the buoyancy coriection may be applied 
The barometer need only be read once, unless there is reason to 
suppose that it is rapidly changing at the time, but the tem- 
perature of the balance case should be taken at the beginning 
and end of the experiment. An example will shew how the 
final result is now arrived at 


6 Oct, 1896 Balance, A, 
Assumed weight 185 8783 grs. 
Barometer 76 4 cm 


Time 11 h. 15 m Temperature of balance case . 
Position of rest with 185 8783 grs on right 

„ „ „ left 

), „ „ right . 

„ „ „ +2mgrm8. „ 

)f ff ti grs ,, •• 

11 h 32 m Temperature of balance case 
Mean position with weights on right (10 36 + 10 39)/2 
)> )> left ... 

Zero of loaded balance - (10 375 + 10*46)/2 
Difference produced by 2 mgrms = 10 40 — 8 91 
Additional weight required in scale divisions^ 

10 42-10 46 j " 


18'* 6 C 
10 36 
10 46 
10 39 
8 91 
10 41 
18'* 8 C 
10 375 
10 46 
10 42 
1 49 

- 04 


, 2 X 04 

Additional weight required m mgrms. £*4^ ** = -*05 mgrms 

Required weight ... ... 185*8783 — 00005 = 185*8783 grams. 
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It will be seen that the repetition of the expenment has led 
to a result which is the same as that of the previous determina- 
tion, and if the experiments have been carried out with care, the 
difference between them should never exceed 2 mgrm If the 
difference exceeds 25 mgrm the rider should be placed at the 
position indicated by the last result, and a fresh determma- 
tion made. 

Buoyancy Correction, 

To calculate the buoyancy correction, first calculate by the 
following method the density of the air, assuming it to be half 
saturated. 


TABLE I. 

Density of dry air at ordinary temperatures and pressures 


Temperature 

Pressure m cms of mercury 

73 cm 

74 cm. 

75 cm 

76 cm. 

77 cm. 

10“ C. 

001198 

1214 

1231 

1247 

1264 

15 

1177 

1193 

1209 

1225 

1242 

20 

1157 

1173 

1189 

1204 

1220 

25 

1138 

1153 

1169 

1184 

1200 


TABLE IL 

Maximum pressure of water vapour 
at ordinary temperatures 


Temperature 

Pressure 

10“ 0. 

12 

14 

16 

18 

20 

22 

24 

26 

•91 cms Hg. 
104 

M9 „ 

1 35 

1 53 

1 74 

1 96 

2 22 

2 50 
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Consider a mixture of two gases the densities of which at 
a pressure P and given temperature, are di and da Let the 
partial pressures of the two gases be pi and respectively, 
the total pressure being P=^i + Pa. The density \ of the 
mixture is 


X 


cliPi __ f p I ^2 

P P "“Pf d, 


%e,, the density of the mixture is equal to that which the 
first constituent alone would have at the pressure 

1-v da d\ 

If the two gases are air and aqueous vapour respectively, the 
index 2 referring to the latter, the ratio da/di is very nearly 5/8, 

hence P + = -P - 1 /> 2 - 


If then Pa, the pressure of the aqueous vapour present in the 
atmosphere at the time, is known, we may use Table I to 
determine the density X, by taking the air to be dry at a pressure 


P- 


gPa» instead of saturated at the observed barometric pres- 


sure P, and if we assume the air to be half saturated, i.e , take 


jP 2 = 2 » being the maximum pressure possible at the observed 
temperature, given in Table II, we should have to take the 

3 

equivalent air pressure to be value of p at the 


temperature of the room will on the average be about 15 mm , 
the error we should make if the air happened to be totally 
dry or totally moist, would therefore be the same as if we had 
measured the height of the barometer incorrectly by about 
3 mm , which would cause an error in the density of the air and 
in the buoyancy correction, of about one part in 250 If we 
require to make the correction with certainty to less than that 
amount, we should have to measure the pressure of aqueous 
vapour m the balance case. 

In the above example the barometer stood at 76 38 cm , and 
the mean tempeiature of the balance case was 18°*7 C. 


s. p. 


4 
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Pressure of aqueous vapour at IS*" 7 0. ... ... = 1*6 cm. 



P =7638 


3 

P — IgP (to the nearest millimetie) ... . =76*1 „ 

Density of dry air at 18° C. and 76 1 cms pressure 
(by interpolation) from Table I. .. = *001215 

Density of dry air at 19° 0 and 76*1 cms pressure 
(by interpolation) from Table I. ... .. = 001211 

Density of dry air at 18° 7 C. and 76 1 cms pressure 
(by interpolation) from last two values ... = *001 212 

VW W TF1 

To find the buoyancy correction X ® the 

IP 

specific gravity of the body weighed must be known approxi- 
mately. In the above example the body was Quaitz, so that 
if W and p refer to the body weighed, TTj and o*, to the biass 
weights, and TFq, o-j to the platinum weights, 


W ^ 185 88 
p 2 653 
W, ^ 185 
0-1 8 40 •* 

*88 
215 


= 70 06 

= 22 02 

- = 22*06 

= *04j 


P ^1 


= 48 00 


.* buoyancy correction = 001 212 x 48 00 = *05817 

Weight found =185 87825 


Weight corrected (to the nearest tenth 

of a mgrm.) = 185 9364 grams. 


It will be seen that if we had neglected the platinum weights, 
we should have made an error of about 1/20 mgrm., which, con- 
sidering the uncertainty in the assumed specific gravity of the 
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brass weights used, would have been allowable, but if we had 
assumed all the weights 185*88 to be brass, the error would 
have amounted to more than the tenth of a milligram. This 
example shews how difficult it is to obtain a weight coriectly 
to one part in a million 

Numerical Exercise. 

A litre of water is to be weighed to the nearest milligram ; 
calculate how nearly you require to know the height of the 
barometer, the temperature of the balance case, and the specific 
gravity of the brass weights. 


4—2 



SECTION VIIL 

DETERMINATION OF THE DENSITY OF A SOLID 

Apparatus required • DehcMe balance, piece of quai tz, 
specific gravity fiash, air and water baths, small pieces of 
quartz 

The density of a substance at any point, is defined to be 
the quotient of the mass of a small volume of the substance at 
that point, by the volume If the substance is homogeneous 
and m is the total mass, and v the total volume, we have 

p = m/v. 

Hence if the unit of mass is the gram, and the unit of 
length the centimetre, the density of a homogeneous body will 
be numerically equal to the mass of one cubic centimetre of 
the substance 

In the metric system, the gram was originally chosen to be 
the mass of 1 cubic centimetre of water at its point of 
maximum density 3° 95 C. A kilogram, equal to 1,000 grams, 
deposited in Pans, serves as the ultimate standard for weights 
constructed on the metric system Since the experiments 
determining the gram were made, however, physical instru- 
ments and methods of observation have improved, so that a 
small difference is now found to exist between the theoretical 
gram and the practical standard of mass In consequence, the 
density of water at 3®’95 C is not unity, as it was meant to be^ 
but IS I'OOOOIS. The difference is so small that it may gene- 
rally be neglected, but it would have to be taken into account^ 
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if for instance, 100 grams of water were to be weighed correctly 
to a milligram, and the volume occupied by the water calculated 
from the results to one part in 100,000 

The specific gravity of a homogeneous substance, is 
defined to be the ratio of the mass of any volume of the sub- 
stance, to the mass of the same volume of water at 3°*95C 
As we may take the mass of 1 c.c of water at 3® 95 C to be 
unity, it IS clear that the specific gravity is numerically equal 
to the density expressed in the cos system of units This is 
an advantage, as in that system we may dispense altogether 
with the idea of ‘'specific gravity and always use that of 
“ density ” instead Students must be clear, however, that the 
two terms are not synonymous, as the numencal value of the 
specific gravity is independent of the umts of length and mass, 
while the number expressing the density will depend on those 
units. 

Since the direct determination of the volume of a body 
cannot be carried out accurately unless the body is of some 
regular shape, density determinations generally depend on a 
previous knowledge of the density of some standard substance, 
water being selected as the most convenient standard 

Increase of temperature will in general dimmish the density 
of a body, hence m stating the density, the temperature at which 
the number holds should always be specified 

The density of water has been determined with great care, 
and has been found to decrease at an increasing rate per degree 
as the temperature rises At 15'' C, the ordinary temperature 
of the laboratory, the decrease of density of water for 1® C is 
not much more than 15 parts in 100,000, while at 60® C it is 6 
parts m 1,000. Tables giving the densities at various tempera- 
tures are given in Kaye and Laby s Physical Tables y and Landolt 
and Bornstem’s Physikalisch-Chemische TabelleUy but the second 
column of the Table on page 61 will be suflScient for most 
purposes. 

There are a number of different methods by means of which 
the density of a body may be determined, and the best manner 
of proceeding in each case will depend on the available quantity 
of the substance, on its chemical properties and state of aggre- 



64 MECHANICS AND GENERAL PHYSICS VIII 

gation. We shall descnbe two methods, one of which will always 
be applicable if the substance is solid and insoluble in water. 
The method would have to be modified if the substance were 
soluble in water, or if it were hygroscopic. 

Method 1 If a body is weighed first in air, and then 
suspended in a liquid, its apparent weight will be less in the 
second case than m the first, and it has been known since the 
time of Archimedes, that the apparent loss of weight is equal to 
the weight of the liquid displaced by the body If M is the 
mass of the body, and p its density, its volume is Mjp, and if 
<r is the density of the fluid in which it is weighed, the ap- 
parent decrease of mass will be 

Tl# o* 

P 

The same holds for a weighing m air, the density \ of air 
bemg substituted for cr. 

Assuming the arms of the balance to be a and h cms. re- 
spectively, we have for the moments about the central kmfe- 
edge, of the forces on the two arms during the weighing m air, 
the quantities 

and (l - 

where is the apparent mass, and <t^ the density of the weights. 
For equilibrium these moments must be equal, hence 

Similarly for the weighing in water, if is the apparent mass 

Dividing the first equation by the difference between the 
first and second, we have 

p if, 

a-X'\ p)~ M,-Mt 

Or 
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i.e,, the excess of density of body over that of air 
M 

= X (excess of density of liquid Qver that of air). 

It will be noticed that neither the inequality of the arms of 
the balance, nor the buoyancy effect of the air on the brass 
weights, enters into the result, so long as the weights are always 
placed in the same pan This is due to density determinations 
depending on ratios of weights only 

It will also be seen that the equation giving p corrected for 
the buoyancy of the air, may be obtained from the equation 

if, 

in which the air is neglected, by subtracting the density of the 
air from each density occuirmg in the equation This may be 
seen on consideration to be due to the fact, that the weight of a 
body obtained in air would be the same as the weight obtained 
in vacuo, if the density of the body as it was transferred from 
air to vacuo, were decreased by the density of the air This 
holds for both the quartz and the water in the above case, and 
the principle will be used in other cases 

The numerical calculation is best carried out by writing 
1 — ^ for 0 “, and p' for if, /(if, — if 2 ) when we have 

p = p' — p' (/c -f X) 4- 

where the last two terms are small. 

Exercise I. Determination of the density of Quartz 
by weighing in water. 

1. Place a wooden stool across the left-hand pan, place 
upon it an empty beaker of suitable size. Estimate the length 
I between the hook at top of the balance pan and the centre of 
the beaker, and take two pieces of silk about 20 cms longer 
than this estimated length, use one to tie round the quartz 
crystal provided, leaving a length I with a loop at the end, 
hanging from the crystal Cut away all unnecessary thread, 
and cut off equal lengths fiom the other piece. 

2. Suspend the quartz by means of the thread from the 
hook underneath the top of the support of the left-hand balance 
pan, place the other piece of thread in the right-hand pan, and 

fLft wf*icrVit«! rpninrpd to T>toduce eauilibrium. 
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3 Remove the quartz from the balance, place it in water 
in a beaker, and boil the water to drive off the air bubbles 
adhering to the quartz. Then cool the water by pouring into 
it water from the tap gently without causing splashes. Place 
a small wooden stool across the left-hand pan of the balance, so 
that the pan does not come into contact with it at any point 
Support the beaker on this stool and suspend the quartz again* 
from the hook See that the quartz is entirely immersed in 
the water and that no bubbles of air adhere to it. Place a 
thermometer m the water, and note the temperature (Fig. 16) 
Cut off from the piece of thread m the right-hand pan a length 
equal to the length of thiead m the water, and remove it. 
Weigh the quartz 

Record as follows • — 


Density of Quartz Method L 


Date, Jan. 6th, 1893. 

Balance A, Box of Weights A. 

Weights in nght-hand pan throughout. 
Temperature of Balance Case, 18° 4 C. 

Weight of Quartz in air {M^ .. . ... 40 882 grms 

Temperature of Water, 20° C. 

Apparent Weight of Quartz in Water {M^ ... 25 487 

Loss of Weight = 15’395 


M, 40 882 


= 2-6556 


ff = -9983 


\= 0012 

<r-\= 9971 
M 

0012 
p = 2 6491 


Hence p the density of the quartz at 20° C. = 2 6491. 
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Method II. If the solid can only be obtained m small pieces, 
we may determine the density by the use of a 
“ specific gravity flask ” (Fig, 19), which is a small 
glass flask provided with a well-ground stopper 
traversed by a narrow channel. When it is filled 
with a liquid, and the stopper is inserted care- 
%lly so as to exclude air bubbles, the excess of 
liquid will flow out through the capillary open- 
ing By means of a piece of blotting-paper a 
small quantity of the liquid may be removed, so 
that it just reaches to a marked height in the 
opening. The flask may in this way be repeatedly filled to the 
same level, and if its temperature is the same, the volume of 
its contents will be the same. 

The flask having been cleaned and dried, the density re- 
quired is determined by the following series of weighings, the 
letters, F, &c , representing the weights obtained : — 

1. The flask dry, F 

2. The flask dry with the dry solid placed inside, il/i. 

3 The flask with the solid inside, after filling up to the 

mark with a liquid of known density (Ti at a tempera- 
ture tiy -F-f ifi + Wi, 

4 The flask entirely filled up to the mark with a liquid 

of density at a temperature Uy F'^ TTa. 



Since cTg IS the density of the liquid at fa, the volume of the 

W 

flask at fa, neglecting the effect of the air on the weighing, is — 


and the volume at t will be — , where a is the coeflScienti 

CTj 1 -f afa 

of cubical expansion of glass Similarly the volume occupied 
W 

by the liquid at f^ = The difference between these volumes 


is the volume occupied by the solid at fi, and the density p of 
the solid at fi is the mass divided by this volume. 

The effect of the buoyancy of the air may be taken mto 
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account by subtracting the density of air X, from each of the 
densities in the equation for p (page 66), and we thus get 

M, 

0*2 — X * 1 + a^2 O'! — ^ 


If we take weighings of the flask empty and when filled wit^^ 
each of two liquids, we may compare the densities of the liquids, 
smce on making ilfi = 0 in the above equation, we have 

0"2 ”” X 1 * 4 ” 0*1 “ \ 

an equation from which we can determine one density if the 
other IS known. 

If in the former equation, we take the liquid to be water in 
each case, so that o*i and cr^ are both nearly unity, we have, 
using the methods of approximation given in Intermediate 
Practical Physics (page 16), 

Or writing <Ti = 1 — /c, and 
P'^ 

we have 


M, 


TTa (1 + 0*1 — 0*2 + ati -t^-Wi 
p = p —■ p' (atj + X) + X. 


Exercise II. Determination of the density of Quartz 
by the specific gravity fiask method. 

1. Clean the 50 gram flask (Fig. 19) provided, by washing 
it if necessary with a strong solution of caustic potash, and then 
with water from the tap The potash is to be thoroughly 
removed with tap water, and the final washing made with dis- 
tilled water 

Place the flask on the shelf of an air bath kept at about 
120° C., insert a glass tube into the flask, through an opening 
in the top of the bath Look at the flask occasionally, and 
when the drops of water have evaporated from the sides, draw 
the moist air out of the flask, by applying the mouth to the 
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upper end of the glass tube. Repeat this several times, then 
remove the flask and allow it to cool. If no moisture is de- 
posited on its inside surface as it cools, place it in the left-hand 
pan of the balance, and weigh. 

With the quantities of the substance available, it will be 
sufficient to weigh accuiately to the nearest milligram, and the 
process of weighing may therefore be shortened by taking only 
three readings of the vibrating pointer (two on one side and 
one on the other), instead of five, as in the previous exercises 

2 Dry thoroughly 15 or 20 grams of the broken up pieces 
of quartz with which you are provided, and place in the flask 
Weigh the flask and contents, and hence deduce the weight of 
the quartz 

3 Pour some distilled water into the flask If air bubbles 
adhere to the small pieces of quartz, it will be necessary to 
expel them For this purpose place the flask, with the solid 
pieces completely covered with water, m the air bath, and heat 
up carefully until the water just begins to boil Take out the 
flask, and after allowing a little time for cooling, fill up with 
distilled water, and then place it in the water bath with 
which you are provided, keeping it in position by indiarubber 
bands 

Stir the water well, and keep it at a temperature two or 
three degrees higher than that of the room. 

Read the temperature to 0®*05 C. 

The temperature of the bath must be kept constant, and 
the flask kept m the bath for a suflScient length of time to 
allow the water in it to take up the same temperature This 
may be ascertained by placing a thermometer in the flask. 

The stopper is then inserted, and the quantity of water 
in the flask is adjusted so that it reaches to the mark across 
the capillary opening m the stopper. 

Take the flask out of the water and dry the outside carefully, 
taking care to avoid heating it by contact with the hand and 
forcing out any of the water. The object of filling the flask 
with water at a temperature above that of the air is now 
apparent, for when the flask is taken out of the water bath, 
the water m it will contract, and thus the danger of losmg any 
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by accidental heating of the flask is greatly diminibhed. After 
the flask has been dried on the outside, leave it in the balance 
case for a few minutes so that it may acquire the temperature 
of the balance case, then weigh again 

If the flask is not perfectly dry outside, evaporation will 
take place and the weight of the flask will slowly dimmish. 
Ascertain that the weight remains constant « 

The difference between the weights of the flask in this and 
the previous weighing, will give the weight Wi of the water it 
contains 

4 Now take out the quartz, fill the flask with distilled 
water and place it in the water bath Keep the temperature 
of the bath nearly the same as it was in the second weighing , 
a correction will be necessary if any difference exists between 
the two temperatures, which should be known to the twentieth 
of a degree Close the flask, dry and weigh it. 

Record as follows — 

Density of Quartz, Method II. 

Date, Jan 6th, 1893 
Balance A. Weights A Flask 13. 

Weights m right-hand pan throughout. 

Temperature of Balance Case, 16° 0 C. 


Weight of flask, F 

= 17 325 

grms. 

Weight of flask and quartz, F Mi 

= 32012 

» 

Hence weight of quartz, Mi 

= 14 687 

if 

Weight of flask, quartz, and water) 

= 76 438 


at^=18°,i^+ifi-f Tfx j ••• 


f) 

Hence weight of water at 18°, Tfj 

Weight of flask filled with water) 

= 44 426 

= 67 274 

if 

s^tt,=-ir\F+W^ j ••• 

if 

Hence weight of water fillmg flask) 

at 19°, W, j - 

= 49 949 

ft 


1 This temperature differs more from than it need be allowed to do The 
difference is taken great here to shew dearly the magnitude of the oorreotion 
introduced. 
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At 18°, ai = 

99862 

At 19°, 0-, = 

99842 

(Ti CTj = 

00020 «= 000023 

Of (^1 — ^) = 

00002 

Sum = 

00022 

W 2 (cTi — (72 + ati 

••• ••• ••• 

2(^ ~t'<7i'~~cr3“}" ati •• ••• 


14 ^ 1 ••• •• •• ••• • 

TF 2 (1 '4" O'! 0*2 ““ ^ 2 ) — • •• • 

,^14 687 

6 634 

«i = 00133 

X = 00122 

*i + X = -00265 

P\ “ 1 “ • • • • • • • 

X 

Hence density p of the quartz at 18“ 0. 


Table of the Density of Water 


Temp 

Density 

. .... 

0”C 

0 99987 


•99999 

10" 

99973 

15" 

99913 

20" 

99823 

25" 

99707 

30" 

99567 


•on gi 

49 960 
44 426 

5 634 


2 6640 


0067 

0012 

2 6485 




SECTION IX. 


DETEEMTlSrATION OF THE DENSITY OF A LIQUID. 


Apparatus required Balance, specific gravity fiask, 
salt solution, water bath, Mohr*s balance, and hydrometer 


Method 1. By the specific gravity flask 


In the previous section (p 58) it has been shewn how the 
density of a liquid may be found by means of the specific 
gravity flask, and we now proceed to apply the method to the 
determination of the density of the salt solution provided 

Make use of the specific gravity flask used m the deter- 
mination of the density of quartz The apparent weight of the 
flask empty was found to be F grams, and the apparent weight 
of water fillmg it at the temperature t^, grams 

The flask should be dried, filled with salt solution, and 
placed in the water bath at a temperature 2 or 3 degrees 
higher than that of the balance case. 

After allowing the solution to take up the temperature of 
the bath, put in the stopper and carefully remove with filter 
paper the drop at the top of the hole in the stopper Let the 
observed temperature of the water bath be ig Remove the 
flask, dry the outside and weigh. Let TTg be the apparent 
weight of the salt solution. 


W 

The volume of the flask at the temperature ^ is — ^ when 


(Ti IS the density of water at that temperature , the volume of 

W I 

the flask at 0® C. will therefore be — ^/(l + ati), where a is the 
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coefficient of expansion of glass, and this volume must be the 
same as that calculated from the corresponding weighing of the 

liquid, ie. — ^/(l +a^ 2 ). The correction of the weighings for 

buoyancy is introduced by writing — X for ctj and — X for 
{Tj (see page 55), hence 

TTg _ 1 + Tf i _ 

0*2 — X 1 + (Tj — X * 

Or since are both small 



cr2 X = (1 "f” ccti ^ 2 ) (^1 ^)> 

which equation serves to calculate if ctj is known* 

Record as follows : — 


Density of Salt Solution. Method L 
Date, Jan 8th, 1893 


Balance A. Weights A Flask 13. 
Weights in right-hand pan throughout 
Temperature of Balance Case, 18° C. 


Weight of dry flask, F ... = 17*325 grams 

„ „ flask filled with water at 19° = 67 274 „ 

„ „ water filling flask at 19° = ITi = 49 949 „ 

„ „ flask filled with salt solution at 19°’2 = 70*282 „ 


„ „ salt solution filling flask at 19° 2 = Tf, = 52 957 

Density of water at 19° = ctj = *9984 

„ of air at 18° =X = *0012 

.•.<r,-X ... = 9972 


a for glass = 000023, .*. aix~f2=0- 


J ^_62 967 

Ifi 49 949 

1*0601 X 9972 
X 


10601 

10572 

0012 


= 1*0584 


» 


/. O'* =s density of solution ... 
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Method II. By Mohr's Balance. 

Mohr's balance (Fig 20) is an ordinary balance modified so 
as to enable determinations of 
densities of liquids to be made 
rapidly. One arm of the balance 
IS divided into 10 equal parts, 
and carries, suspended from its 
end by a fine silk fibre, a glass 
theimometer which is immersed 
m and indicates the temperature 
of the liquid The other arm 
carries a counterpoise, the end of 
which 18 pointed, and comes close 
to a corresponding pointer on the 
frame of the balance. The balance 
can be clamped at any height by means of the screw in the stem. 

Place the balance on the stand in such a way that the 
levelling screw in the stand lies in the vertical plane through 
the beam. 

Suspend the thermometer from the graduated arm, and 
turn the levelling screw till the pointers are in line with each 
other Fill the small test tube with water at 15° C Raise 
the balance by means of the expanding stem, place the test 
tube under the thermometer, and lower the balance till the 
thermometer is entirely immersed in the water The balance 
will no longer be in equilibrium owing to the upward force 
of the water on the thermometer, which we have seen is equal 
to the weight of the water displaced by the thermometer To 
produce equilibrium weights must be placed in the notches of 
the arm of the balance 

The largest brass weights provided are equal, the other 
weights are and respectively of the largest weights. 

The notches are marked from the centre of the arm to the 
end 1, 2, 3. .....9, the hook under the end of the aim bemg at 

the tenth notch If we call the weight of the largest brass 
pieces 1, then if 1 is placed in the notch 6 it is equivalent to a 
weight of 6 placed at the end, and so on. Thus the weight 
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necessary to produce equilibrium is given by the readings of 
the notches m which the weights in order of magnitude are 
placed, the unit in which the weight is expressed being that of 
the largest brass weight. The weight found is m terms of this 
unit, ie of a volume of water at 15° equal to the volume of 
the thermometer. 

Remove the weights, raise the balance, and after drying the 
test tube and the thermometer replace the water by the liquid 
the density of which is required and see that the thermometer 
in the liquid indicates again 15° C 

Again determine the weight to produce equilibrium. Since 
this IS the weight of a volume of the liquid equal to that of the 
thermometer, the ratio of the density of the liquid at 15° to 
that of water at 15° is the ratio of the two weights The 
density of the liquid at 15° is therefore the product of this ratio 
and the density of water at 15° C (= 999). 

The weights are generally airanged so that one of the 
heaviest will when hung in the hook produce equilibrium 
when the thermometer is in water. In this case the density of 
the liquid can, to within 001, be read off immediately from 
the positions of the weights when the thermometer is m the 
liquid. 

Method 111. By the Hydrometer. 

When a solid floats on a liquid it is acted on by two forces, 
one its weight downwards, and the other the pressure of the 
liquid upwards Since the body is in equilibrium these two 
forces must be equal But the pressure of the liquid is equal 
to the weight of the liquid displaced. Hence if TT be the mass 
of the solid, V the volume of liquid displaced, a its density, we 
must have W = Va, or 



Hence when the solid floats on a denser liquid it sinks less 
than it does m a lighter liquid and the volume immersed varies 
inversely as the density of the hquid. 


8 p 


6 
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The Hydrometer provided (Fig 21) has been 
graduated by being placed in liquids the densities of 
which had been determined by the previous methods. 
Hence to get the density of a liquid it is simply 
necessary to place the hydiometer m it and read the 
position of the surface of the liquid on the graduated 
stem 

A test tube mounted on a block of wood is provided 
for holding the liquid To read the scale, hold the eye 
below the level of the surface of the liquid, and gradu- 
ally raise it till that surface is seen foreshortened into a 
straight line. The position of this line on the scale is 
the density required 

Collect your results as follows : — 

Density ot salt solution by flask 1 0584 

„ „ „ Mohr’s balance .. 1 059 

, ,5 „ hydiometer ... 1068 



Fig 21. 



SECTION X. 

MOMENTS OF INEBTIA. 

The following pages contain a short statement of the prin- 
cipal propositions concerning Moments of Inertia and the 
Compound Pendulum. Students should read them carefully 
and work out the examples before pioceeding to the practical 
exercises on Moments of Inertia and the Pendulum, 

Some of the propositions are given without proof, and the 
students are referred to books on Dynamics Worthington, 
Dynamics of Rotation , Hicks, Elementary Dynamics) for a more 
detailed treatment 

The Moment of Inertia of a particle about an axis is defined 
as rnr^y where m is the mass of a particle and r the perpendicular 
distance between the particle and the axis 

The Moment of Inertia of a number of particles about an 
axis IS the sum of the Moment of Inertia of each. 

Thus particles ttIj, Wj, rug, at distances rj, rg, r,, 7*4, from an 
axis have a moment of inertia about that axis equal to 

miTi^ -f m^r^ 4- m^r^^ -f- . . . . 

From this it follows that the moment of inertia of a body 
about any axis is equal to the sum of the moments of inertia of 
the separate parts of the body about the same axis, it can there- 
fore be found by dividing the body into a number of small parts 
and adding the products of the masses of the parts into the 
squares of their perpendicular distances from the axis 

5—2 
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The following moments of mertia are frequently required* — 

M always denotes the mass of the body which is supposed to 
be of uniform density. 

I. A right solid parallelepiped, whose edges 
are 2a, 26, 2c, about an axis through its centre 
perpendicular to the plane containing the edges 
h and c. 

II A solid cylinder of radius r about its 
axis of figure. 

III A solid cylinder of length 2a and radius 
r about an axis through its centre perpendicular 
to the length of the cylinder. 

IV. A sphere of radius a about any axis 
through its centre. 

The radius of g 3 Tation of a body with respect to an axis is 
the distance at which a paiticle of the same mass as the body 
would have to be placed in order to have the same moment of 
mertia Hence, if the Moment of Inertia is written in the 
form M1<^, M being the mass of the body, k will be the radius 
of gyration. 

The moment of inertia of a body about any axis is equal to 
the moment of inertia about a parallel axis through its centre 
of mass, together with the product of the mass of the body and 
the square of the distance between the axes. 

The theorem of p 67 enables us to calculate the moment of 
inertia of bodies from which parts have been removed, if the 
moments of the complete bodies and of the removed parts are 
known separately 

Thus let it be required to find the moment of inertia of a 
circular nng about an axis passing through its centre and per- 
pendicular to the plane of the ring 

Let the inner and outer radii of the ring be Vi and rj, and 
imagine the mner space to be filled with matter of the same 
density so as to convert the ring into a disc. Let roi be the 


M 


+ 




M 


a? 

3 ■‘‘W 


JK-j- 
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mass of the smaller disc of radius rj, which fits into the circular 
hollow of the nng, and let be the mass of the complete disc 
of radius rg Then from the proposition, if / is the unknown 
moment of the rmg 


1 + 





or 


/ = 


— mi? ^ 


But if p is the density of the ring 

mi = irpr^ and == irpr^ 


Hence 




If M IS the mass of the ring M = 7rp {r^ - hence finally 
/ = if- 




2 • 


Exercises, 

1. Find the moment of inertia of a solid parallelepiped 
about an edge 

2 Find the moment of inertia of a cube with a central 
spherical hollow about an edge of the cube 

3 The moment of inertia of a hollow circular cylinder is 
required about an axis at nght angles to the length of the 
cylinder and passing through the centre of one of its end planea 

The moments of inertia of solid bodies are of importance, as 
these quantities often occur in physical problems Thus the 
Kinetic Energy of a body rotating about an axis is expressed 
by \Iv^, when I m the moment of inertia of the body about the 
axis, and w is the angular velocity. 

If a body oscillates about an axis under the influence of ex- 
ternal forces, as for example a pendulum under the influence of 
gravity, the time of oscillation depends on the moment of inertia. 
Oscillations like those of a pendulum oscillating through a small 
angle occur wbenever a body is capable of rotating about an 
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axis, and is acted on by forces such that if it is disturbed 
from its position of equilibrium, a couple acts on it tending 
to bring it back. If the couple is proportional to the angle 
through which the body is turned, the oscillations are strictly 
isochronous, that is, the time of oscillation is independent of 
the amplitude of oscillation This is only appioximately true 
in the case of the pendulum, but much more nearly true if the^ 
body IS capable of oscillating in a horizontal plane, being 
brought back to its position of equilibrium by the torsional 
force& of a wire by which the body is suspended. The time of 
oscillation is then given by the equation 

T== 27r \J^y 

where I is the moment of inertia of the body about the axis 
around which it turns, and N is the couple per unit angle of 
deflection, tending to bring the body back. 



SECTION XI 


EXPERIMENTAL DETERMINATION OF MOMENTS OF 

INERTIA. 

Apparatus required : Rectangular metal blocky fine wire 
and bifilar supports 

The moment of inertia of a body about an axis thiougb its 
centre of gravity may be found expenmen tally by suspending 
the body, eithei by a single fibre or by a double one, m such a 
way that it can perfoim torsional oscillations about that axis, 
and determining the time of an oscillation A second body, the 
moment of inertia of which about some axis through its centre 
of gravity is known, either by calculation if it is of regular shape 
or by previous determination, is then attached to the first, in 
such a way that its axis is coincident with that of the fibie, and 
the time of an oscillation again determined From these times 
the moment of inertia of the first body can be found in terms 
of that of the second by the equation : Jq = IiT^j — 1\\ where 
7i is the moment of inertia of the mass added, Tq and the 
times of oscillation. This is the method often used when the 
moment of inertia of a suspended magnet is to be determined 

If the bifilar method of suspension is adopted, the body, the 
moment of which is required, is laid in a stirrup at the lower 
end of the suspension, with the axis about which the moment 
la required vertical and half-way between the two suspending 
fibies. If it is lotated in a horizontal plane through a small 
angle, the suspension resists the rotation with a force propor- 
tional to the sine of the angle of twist 

j j 

The couple N for small angles of rotation being = Mg , 

we obtain the time of oscillation by substituting this value in 
the general equation 

where = mass of body suspended. 
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/ = moment of meitia of body suspended about axis of 
suspension. 

I = vertical distance between ends of fibres. 

^ 1,^2 = distances of fibres apart at top and bottom. 
g = gravitational acceleration 

Since I = Mk^ where k is the radius of gyration of the body 
about the axis we have for a small oscillation 


r=27r 



Exercise 1, To verify the relation between the time of 
oscillation and the constants of the bifilar suspension 

Suspend from the lower end of the fibres the rectangular 


block provided (Fig 22), passing the fibre 
through the holes at the ends of the small 
brass strip which can be screwed to the 
block, then over the larger pulley above 
the separated horizontal clamps forming 
the upper support. When the block has 
come to rest, screw up the clamps so that 
the two fibres are held firmly, allow the 
block to come to rest, place the vertical 
wire pointei close to the edge of the block, 
then set the block in oscillation through 
an arc of about 20®, and determine the 
time of oscillation (Section III), and the 
mean arc of twist on each side of the equi- 
librium position by the method described, 
p. 15/ Measure the vertical distance be- 
tween the ends of the fibres and their 
distances apart at the top and bottom. 

Now unscrew the clamp, pass the fibre 
through the holes nearer the centre of the 
strip, and over the smaller pulley, then 
clamp it, again determine the time of 



oscillation, measure again the length I and 
the distances apart at top and bottom. 
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Reduce the length of the fibres by moving the clamp to a 
lower part of the support and again clamping the fibres. Again 
determine the time, and measure the length I and distances 
apart of the fibres 

Tabulate the observations and results as follows • — 

3 Jan., 1898. Apparatus A. 


Length 

cms 

Distances apart 
cms. 

dA 

did^ 

1 

Axis of 
block 
vertical 

Time 

seconds 

(time)* 

1 ^ 

Top 

Bottom 

76 0 

3-48 

3 53 

12 28 

161 

longest 

2 927 

8 57 

1 38 

75 7 

1 50 

1-40 

2 10 

0277 

)) 

6 960 

48 35 

1 34 

41 5 

1 50 

1*40 

2 10 

0506 


5 201 

27 00 

1 37 


The constancy of the numbers in the last column verifies 
the law for the bifilar suspension 

Exercise II. To determine a Moment of Inertia 

The rectangular metal block provided may be attached to 
the bifilar suspension, so that its three principal axes coincide 
in turn with the vertical axis of the suspension 

The previous observations suflSce to determine the moment 
of inertia about its longest axis. 

Attach the block to the suspension so that the axis of mean 
length IS vertical, using the full length of fibre and maximum 
distance apart, and determine the time of oscillation. 

Next attach the block with its shortest axis vertical and 
determine the time. 

Remove the block and weigh it. 

Calculate from the observation the moments about the three 
principal axes, arranging the work as follows . — 


Block marked A, 


3 Jan, 1898. 


Weight of block 1200 grams. 
Zr=76 0 cms 
di = 348 
d* = 3 53 



39 5. 


161, 
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Axis 

vertical 

Time 

860 . 

t* 

4ir2 

— 

47r'^ 4Z 

I 

observed 

I 

calculated 

long 

2 927 

8 57 

215 

8 64 

10360 

10100 

mean 

4 33 

18 49 

463 

18 61 

22330 

22100 

short 

6 128 

26 30 

659 

24 49 

31800 

32400 


The fifth column gives the values of 

Determine the dimensions of the block, and calculate the 
moments by the formula 


where a, 6, c are the half lengths of the sides of the block 
Record as follows and enter m preceding table 

M = 1200 grams 

a = 7 45 cms • a* = 55 5 la = 10100 

5 = 605 6^ = 255 76 = 22100 

c= ‘60 c®= 25 7, = 32400 

The oscillations of a bifilar suspension like those of a 
pendulum are only approximately isochronous, and the arc of 
rotation should therefore be small if great accuracy is required 
If the arcs are large the collection given in the next exercise 
may be applied. 




SECTION XIL 

THE COMPOUND PENDULUM. 

A Compound Pendulum is one in which the mass is distri- 
buted over a finite volume and not concentrated at a single 
point as in the simple pendulum Strictly speaking every 
pendulum is a compound pendulum, and we can only appioach 
the ideal simple pendulum by reducing the 
volume of the heavy bob of an actual pendulum 
as much as possible 

In Fig 23 let 0 be the centre of mass of a 
heavy body of mass m capable of turning about 
an axis through 0 at right angles to the plane 
of the paper 

In the position of equilibrium, the centre of 
mass Q will be vertically under 0. If the body 
is displaced through an angle 6, the resultant 
gravitational force passing through 0, will have 
a moment mgh sin 0 about 0, g being the ac- 
celeration of gravity and h the distance 0(? 
between the centre of mass and the axis of rotation. If 6 is 
small sin B is nearly equal to B m circular measure, and the 
couple tending to bring the body back into its position of rest 
will be nearly mghB, te nearly proportional to the angle of 
displacement Under these circumstances the body will oscil- 
late about the point 0, and the time of oscillation will for 
small displacements be independent of the amount of the 
displacement, %e. the oscillations will be isochronoua 
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The time oi a to and fro oscillation will be 

r=27rV-^, 

V mgh 

where I is the moment of inertia of the pendulum about 
the axis of oscillation, and mgh the couple when the displace- 
ment IS a right angle. 

If K 18 the radius of gyration of the body about 0, 1 ==mK^ 
and the equation becomes 

Definition, The length of the equivalent simple pendulum 
is the length of the simple pendulum having the same time of 
oscillation as the given body. 

As a simple pendulum of length I has a time of oscillation 
equal to 27r^^~, it follows that if I be the length of the equi- 
valent simple pendulum 

l^K^lh 


If mi* be the moment of inertia of the compound pendulum 
about an axis parallel to the axis of oscillation, and passing 
through the centre of mass (?, we have 


Hence 






*2 + *8 


ie {l — h)h — k\ 

If a point P be taken in the Ime OQ, Fig. 23, such that 
OP is equal to the length I of the equivalent simple pendulum, 
P 18 called the centre of oscillation, while 0 is called the centre 
of suspension 

Hence the radius of gyration with respect to the centre 
of mass, IS the geometrical mean between the distances of the 
centre of mass from the centres of suspension and oscillation 
respectively. 

If the body is suspended from P, 0 will become the centre 
of oscillation, for being a constant, h and i — A may be inter- 
changed without mterfenng with the truth of the equation. 
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Let a pendulum be constructed, Fig 24, such that it is 
capable of oscillating about either of two knife-edges 
A and B, the line joining the edges passing through 
G the centre of gravity of the pendulum. If the 
knife-edges can be adjusted so that the time of oscil- 
lation is the same whether the body oscillate about A 
or about B, then unless A and B are equidistant from 
G, the length iU? is that of the equivalent simple 
pendulum, and as that distance can be accurately 
measured the value of g can be found accurately from 
the equation Fig 24 

This IS the pnnciple of Kater's Pendulum 

In general there are four possible centres of oscillation on 
every straight line, such that the times of oscillation of the body 
about them are equal. 

Let A be any point of the body, G the centre of mass, and 
let the axis of rotation be at right angles to the plane of the 
paper (Fig 25) With (? as 
centre, draw a circle through 
join AG and produce to cut the 
circle again in A\ Then since 
QA' = GA the time of oscillation 
about A' will be the same as 
that about A. 1{ AG — h and k 
is the radius of gyration about 
the axis passing through G, the 
length of the equivalent pendu- 
lum will be Make 

AB equal to this length Then 
if the centre of the suspension is 
at B, the time of oscillation is 
the same as before, and therefore the same also for any point 
B' on the circle passing through B and havmg G as centre. 
Two circles may therefore be drawn such that the times of 
oscillation about all points of them are the same A straight 
hne such as (7(7, not necessarily passmg through G but cutting 
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the inner circle, will intersect these circles in four points, about 
which the times of oscillation will be equal 

The isochronism of the pendulum has been stated to depend 
on the equality of sin d and 6 for small values of 0 If 0 be- 
comes large the quantities are no longer equal, and the time of 
oscillation will vary with the angle of displacement. In that 
case a closer approximation is given by 

3r.2^yi (l + (l)3m'| + (y)’s.„.|+ ), 

where 0 is the semi-arc of oscillation. 

The following table gives the value of the factor in brackets 
for diheient arcs of swing 


e 

factor 

V 

1 00002 

5^ 

1 00048 

10'^ 

1 00191 

20° 

1 00766 


Escerdse Calculate the length of the equivalent simple 
pendulum of* — 

1. A brass rod about its ends. 

2 A brass rod about a point half-way between its ends and 
its centre 

3. A sphere about a tangent. 

4 A cube about one of its edges. 

5. A cylinder about one of its generating linea 




SECTION XIIL 

EXPERIMENTAL DETERMINATION OP THE 
EQUIVALENT SIMPLE PENDULUM 

Apparatus required : Brass bar with sliding knife-edges^ 
support, and simple pendulum 

A brass bar, in one end of which a number of holes have 
been drilled in oidei to make it unsymmetncal, is 
provided (Fig 26). On it slides a knife-edge, so 
that it can be set swinging about an axis at right 
angles to its length at a distance from its centre 
of giavity which can be varied 

The line of the knife-edge passes through the 
centre of gravity of the knife-edge frame, and the 
moment of meitia of the frame about this line is 
negligible 

In front of this brass bar a leaden ball is sus- 
pended by means of a thread which constitutes 
a simple pendulum, the length of which is ad- 
justable 

The experiment consists in adjusting the length 
of this simple pendulum till it has the same time 
of oscillation as the compound pendulum 

Place the knife-edge about a cm from one end 
of the bar and suspend the bar in its support 
Make the thread of the simple pendulum about 
I the length of the bar, push both pendulums aside 
with the palm of one hand, and suddenly withdraw 
the hand so that the pendulums start moving 
towards their positions of equilibrium simultaneously. Watch 
the oscillations of both pendulums, noting which of the 
two gams on the other. If after a few oscillations one is 
decidedly ahead of the other, the simple pendulum must be 
lengthened if it swings too quickly, and shortened if it swings 
too slowly. After a few trials the length may be adjusted so 
as to make the times of oscillation of the two pendulums equal 
to each other to within 2 or 3 per cent 

When that is the case, set the pendulums swinging together 
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once more, count the oscillations of the bar, noting again 
which pendulum gains on the other , go on counting the 
oscillations until the pendulums swing again together 

If n IS the number of oscillations of the compound pendulum 
counted, the simple pendulum will have performed (n — 1) or 
(w 4- 1) oscillations, according as it is too long or too short 
respectively The number n should not be less than 30, other; 
wise a readjustment of the simple pendulum should be made. 
If one pendulum gams so slowly on the other that the number n 
cannot be fixed to one or two units, find Ui and n,, so that Wj 
18 the number at which it begins to be doubtful whether the 
pendulums swing together, and the number at which it 
begins to be certain that they have ceased to swing together , 
n will then be very nearly equal to + na)/2 

If V IS the actual length of the simple pendulum, the length 
I of the simple pendulum which would swing exactly m the 

same time as the biass bar is equal to I' ~ or 

according as the simple pendulum made n — 1 or n + 1 oscilla- 
tions, while the compound pendulum made n. 

If k IS the radius of gyration oi the bar about its centre of 
mass Oy and h the distance of the centre of mass 
from the point of suspension 0, then, as shewn m 
the previous section, PO x OG = which may 
therefore be determined from the observations 
made, and the moment of inertia of the pendulum 
about the axis through Q found from k and the mass. 

Measure the distance of the knife-edge from 
the top of the knife-edge clamp, and the distance 
from the top of the clamp to the upper end of the 
bar The sum of these is the distance ^10 of the 
knife-edge from the top of the bar. 

Five positions of the knife-edge should be taken, 
about 1, 10, 20, 30, and 35 cms from the top of 
the bar and the length of the equivalent simple pendulum 
found in each case The bar must then be reversed and five 
more observations taken, with the knife-edge nearer the pierced 
end of the bar than the other. 


A 



o 

o 

o 


Fig 27. 
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Determine the centre of mass G of the bar by removing the 
knife-edges and balancing the bar on one of them. 

Weigh the bar 

Calculate for each experiment the distance OQ, From this 
and the measurement of I calculate PO 
Enter as follows. — 21 Jan, 1894. 

Bar a. 

Weight of bar 1002 grams 

Distance of centre of mass from solid end of bar = 50*8 cms 
„ from top of clamp to knife-edge = 9 „ 

Solid End of Bar at Top 


Distance 
top of 
bar to 
top of 
clamp 

Distance 
from top 
to knife 
edge, 

AO 

AG-AO 
• 00 

n 

Simple 

pendulum 

observed 

V 

n-1 

or 

n+1 

l=0P 

OP^OQ 

^PQ 

OQ PG 

cm 

cm 

cm 


cm 


cm 

cm 


7 

1 6 

49 2 

38 

63 8 

39 

67 2 

18 0 

885 

82 

9 1 

41 7 

36 

69 6 

37 

62 8 

21 1 

879 

18 6 

195 

31 3 

33 

65 8 

34 

59 2 

27 9 

873 

29 8 

30 7 

20 1 

39 

60 2 

40 

63 3 

43 2 

868 

34 4 

35 3 

15 5 

1 33 

66 5 

34 

70 6 

55-1 

854 

Mean 872 


Moment of inertia of bar about axis through its centre of 
mass parallel to the knife-edge = 1002 x 872 = 874000 
Draw up a similar 
Table of results when 
the solid end is at the 
bottom 

Draw a curve to ex- 
press the above results, 
taking distances of the 
point of suspension from 
one end of the bar 
as abscissae, and the 
lengths of the equiva- 
lent simple pendulums 
for the points as ordi- 
nates, as shewn (fig 28) 
a p. 



Fig. 28. 


6 


SECTION XIV. 


DETERMINATION OF YOUNG^S MODULUS BY THE 
BENDING OF BEAMS 


Apparatus required : Uniform wooden beam and supports, 
weights^ silvered glass scale and support. 

When a beam of breadth h and height supported at two 
points I apart but not clamped, carries a mass m at a point 
half-way between the supports, this point is depressed by an 
amount d given by the equation 

d=-\m 

where e is Young's modulus for the material of the beam, and g 
the gravitational acceleration. 

To verify this relation, place the two supports provided, so 
that the top edges are in the same honzontal plane and about 
80 cms apart. Look across them to see that they are parallel 

Place the wooden beam so that the marks near its ends 
come over the supports, and behind its middle point place a 
graduated mirror with the scale vertical (Fig 29) 

Arrange the rod so that its greater breadth is horizontal, 
and read on the scale the height of its middle point. 

By means of a hook suspend a 500 gram weight from the 
middle of the beam, and read on the scale the depression of the 
beam. Increase the weight to 1000 grams, and again read the 
position of the middle point Verify, by means of your obser- 
vations, that the deflection is proportional to the deflecting 
weight, taking into account the weight of the hook Turn 
the beam so that the top surface becomes the bottom one and 
repeat. 
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Turn the beam so that its greater breadth is vertical and 
repeat the observations, first with one edge downwards then the 
other. 



Fig 29 


Bring the supports nearer together so as to use a shorter 
length of the beam, and with the greater breadth horizontal 
repeat the observations 

From the observations calculate, using the above formula, 
Young’s modulus for the material of the rod. 

Arrange your results as follow — 

3 Feb, 1899 

Beam of Oak Wood marked 0. 3. 

Length of beam between supports . . ==79 8 cms 
Greater breadth ... ... . =136 cms. 

Lesser breadth .. . ... = 88 cm. 

Greater breadth horizontal. 


Load in 
grams 

Beading 
at centre 

De 

presBion 

cma 

Reading 
at centre 

De- 

pression 

cms 

Mean 

depression 

Mean 

depression 
per gram 
added 

0 

8 10 


7 90 


. 


509 

6 85 

1 25 

6 65 

1 25 

1 25 

•00246 

0 

8 10 


790 




963 

6 80 

2 30 

5 50 

1 2 40 

2 34 

00244 

0 

8 10 


7 90 



i-. 

Mean 

00245 
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The equality of the numbers in the last columns verifies the 
equation given. From it we have : — 

_lrng 

bh» 

1 981 (79 8)» 

^ 4 - ^ 245 1 36 X ( 88)^ = ^ 

Similarly for the observations taken with the greater 
breadth vertical and with the shorter length of beam, the 
values of e being collected as follows: — 


Oak Beam, 0 3 

c 

in dynes 
per sq cm. 

Greater breadth horizontal 
,, ,, vertical 

Shorter beam 

6 48 X IQi® 

6 44 

6 49 


Expenments with the shortened length of beam are here 
mtroduced in order to illustrate the law according to which the 
deflection is proportional to the cube of the length If the 
sole purpose of the exercise had been to determine Youngs 
modulus, these experiments would not have been necessary. 

Reciprocal properties of points of application of load and 
measurement of deflection; 

Place the beam in its first position, and after observing the 
reading on the scale, place the 500 grams weight at a point 
which divides the beam in the ratio 1 • 3. Read the deflection 
at the middle point. Increase the weight to 1000 grams, and 
again read the deflection. 

Now place the mirror behind the point at which the weight 
has been applied, and remove the weight to the middle. Read 


Load 

Reading 

Deflection 

cms 

0 at A 

600 gr. at A 
1000 gr. at A 

7 86 at B 

6 70 at B 

6 65 at B 

1 15 at B 

2 20 at B 

OatB 

500 gr. at B 
1000 gr. at B 

7 66 at A 

6 40 at A 

6 40 at A 

1-15 at A 

3-15 at A 
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the deHections for 600 and for 1000 grams, enter as below and 
verify that they are the same as those found in the former case. 
Hence the deflection at B due to a weight at A is equal to the 
deflection at A due to the same weight at B 

If metal bars are used the deflections will be smaller than 
in the case of wood, and must be read off by means of some 
form of reading micioscope 

If the section of the beam though not rectangular is 
symmetrical about a horizontal line drawn through its centie 
we have 

where I is the moment of inertia of the section about the 
horizontal through its centre. 

Young’s modulus may also be measured if the beam is 
fixed at one end and a weight is attached to the other end , the 
relation between Young’s modulus and the deflection at the 
point of application of the force is in that case given by 

If the beam has both its ends fixed 



SECTION XV. 


MODULUS OF RIGIDITY. 


Apparatus required: Uniform wiresy cylindrical weighty 
and watch with seconds hand. 

The elastic reactions of a homogeneous body subject to 
strain depend on two constants, the bulk modulus, or resistance 
to change of volume, and the modulus of rigidity, or resistance 
to change of shape by simple shear. 

If a cylinder AB of radius r and length I has one of its ends 
A fixed, while the other B is twisted, the angle of twist 
IS connected with the moment of the twisting couple 
C, and the modulus of rigidity n by the relation 


Hence if C can be measured, n can be calculated 
from the dimensions of the cylinder. If the cylinder 
is thin, eg. a wire, C may be determined by suspend- 
ing a body the moment of inertia of which is known 
from the wire, and letting it perform torsional oscilla- 
tions 

The time T of a torsional oscillation will be 


’■\/ N' 


Fig aa 


where I is the moment of inertia of the suspended body about 
the axis of twist, and N is the moment of the torsional couple 
per radian of twist, that is the value of G when ^ = 1, %.e. 
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Hence 


T = 27r 



If the suspended body is of some regular form its moment 
of inertia about the torsional axis can be calcu- 
lated from its mass and shape Otherwise we 
may proceed as in the Exercise ‘'Moments of 
Inertia II/* p 73, to determine J. 

In order to verify the truth of the law ex- 
pressed by the above equation, suspend a brass 
cylinder (Fig. 31) by means of three different 
wires of the same material but different dimen- 
sions, and determine the times of torsional oscil- 
lation (Section III ) p 15 In the example given 
below two of the wires are cut from the same coil, 
the length of one piece being about double that of 
the other, and the third is equal in length to the 
longer of the two former wires, but is thicker. 

The diameters of the wires should be determined 
by the screw gauge at the ends and at several 
other points, dividing the wire into equal lengths. 

If ri, ^2 r^y the radii at the ends and at 
points dividing the length between the ends 
equally, differ from each other by amounts greater than one 
part in 30, take as mean radius r where 

+ . +111 

n — 1 (2 7*1^ ^ ^2 Vn*) * 

and if they differ by less take the arithmetical mean. 

Tabulate the results as follows — 

2 March, 1899. Steel wires marked 0. 



Fig 31, 


Length 

1 

cms 

Mean 
radius r 
cms 


r* 

i 

T 

T® 

1 

83 5 

0165 

7-41x10-“ 

8 87 X 10-1® 

6 45 

4160 

3 69 X 10“« 

41 76 

0165 

7 41 „ 

<&c. 

4 54 

20 61 

(fee 

83-5 

•0296 

75 72 „ 

&c. 

2 15 

4 62 
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Take the mean of the values obtained in the last column 
and substitute in the equation 


SttI 



to determine the modulus of ngidity n. 

The value of I can be found from the mass and dimensions 
of the suspended body, since the moment of inertia of a cylinder 
about its axis is the product of its mass into half the square 
of its radius 

Tabulate your results as follows — 

2 March, 1899. 

Steel wires and cylinder marked C. 

Mass of cylinder . 663 grams 

Radius of cylinder .. . 2 27 cms. 

Moment of Inertia (calculated) = 1678 

n for steel wire used = 85x10“ dynes per sq. cm. 


The modulus of rigidity of the wire may also be found by 
applying to the cylinder it supports a couple of known moment 
C and measuring the resulting rotation of the cylinder as 
mentioned on p. 86 The couple is easily produced by two threads 
wrapped round the cylinder, which pass over pulleys and carry 
equal masses at their pendent ends. The rotation of the cylinder 
may either be measured directly by the help of a pointer 
attached to it and a circular scale below, or by the movement 
of a marked point on one of the threads. 



SECTION XVL 

VISCOSITY. 


Apparatus required : Two long capillary tvbes, an inverted 
helUjar, a small flask ^ microscope and stage micrometer. 

If two layers of a liquid at a small distance x apart are 
moving with velocities Vi and v^y the faster moving layer tends 
to increase the velocity of the slower, the slower to decrease 
that of the faster If /S is the surface of contact of the two 
layers, and F the magnitude of the force exerted by one layer 
on the other, then 

where rj is the "coefficient of viscosity of the liquid. The 
object of the present exercise is to determine the value of for 
a given liquid. 

If a liquid flows along a capillary tube the liquid in contact 
with the wall of the tube is either at rest or only moves very 
slowly. We shall assume that it is at rest. The layer of liquid 
next to the one in contact with the walls moves with small 
velocity, the layer next to it with a greater, and so on, the 
liquid at the axis of the tube moving with the greatest velocity. 
For the same tube, the velocity of the layers will increase more 
rapidly from the walls to the axis for a liquid of small viscosity 
than for a liquid of great viscosity. The volume of the liquid 
which under given conditions flows through the tube will there- 
fore depend on the viscosity of the liquid. 



90 MECHANICS AND GENERAL PHYSICS XVI 

It may be shewn that the volume V is given by the 
equation 

where 

jR = radius, I = length of the capillary tube. 
p =■ excess of static pressure, when the flow is stopped, 
within the outlet of the tube over that without. 
f/ ^ coefficient of viscosity of the liquid. 
t = time in seconds. 

An inverted bell-jar is provided (Fig 32), having a rubber 
stopper through which passes a bent tube, to the end of which 



an inclined capillary tube of diameter 2ii and length I is 
attached by a piece of rubber tubing provided with a clamp. 
A strip of paper is gummed to the jar about half-way up, and 
a horizontal mark on it serves to indicate the level of the liquid 
in the jar 

Place the lower end of the capillary tube about 10 cms. 
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above the table, and under it put a beaker to catch any liquid 
issuing Place a thermometer m the bell-jar Gum a piece 
of paper to the neck of a 4 oz flask, and determine the volume 
up to the paper by weighing the flask when empty and 
when full of water Fill the bell-jar with water at the tem- 
perature of the room, to a level a little above the upper 
mark on the gum paper. The water will flow through the 
tube into the beaker. 

When the level of the water in the bell-jar has fallen to a 
convenient mark on the paper strip on the side of the jar, 
remove the beaker quickly and replace it by the flask, noting 
the time to a second. When the flask is filled to the level of 
the gum paper replace it by the beaker, notice again the time 
and maik on the paper strip the level of the watei in the 
bell-jar 

Determine the excess of the mean static pressure p within 
the outlet of the tube over that without by measuring the 
heights of the two marks on the bell-jar above the centre of the 
bore of the tube at the outlet, and taking the mean, oi by 
measuring the heights of the two marks from the table and 
subtracting the height of the centre of the bore of the tube 
above the table. If h is the mean height, p the density of the 
liquid, p that of the fluid, generally air, surrounding the 
apparatus and g the gravitational acceleration, p = hg(p^p) 

The diameter of the tube should be found by placing the 
tube under the stage of a microscope having a scale m the 
eyepiece, or microscope provided with a cross wire and a 
graduated traversing screw, in such a way that one end is in focus 
and the axis of the tube is in line with that of the microscope 
The greatest and least diameters of the bore of the tube at one 
end are thus found in divisions of the eyepiece scale Reverse 
the tube and find the diameters at the other end If the four 
measurements do not diflFer from each other by more than three 
pel cent take the mean, if they differ materially use another 
tube. 

To find the value of an eyepiece scale division in cms. 
remove the tube, place on the stage of the microscope a scale 
divided into millimetres and tenths, and find how many of the 
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eyepiece divisions are equivalent to the millimetre of the stage 
scale. 

Take a wider tube and determine by means of it the viscosity 
of the salt solution provided Find the density of the solution 
by weighing the flask when filled with it up to the level of the 
paper 

Tabulate your results as follows — 

21 March, 1899. 

Microscope A 

Divisions of eyepiece scale corresponding to 1 mm = 61 6. 

. . Value of a division = *00163 cm. 


Weight of flask filled with water 
Do empty 

. Volume of flask 

Weight of flask filled with solution 
. . Density of solution 


= 100 grama. 
= 24 grams. 
= 76 cc 
= 116 grams. 
= 121 


Viscosity of water. Tube A, 

Diameters (1) 68 6, 68 4] , 

(2) 67 7 67 3J divisions of eyepiece scale. 

= 111 cm. 

Length = 65 6 cms. 

Volume of water = 76 c c 

Time =717 seconds. 

Pressure =19*6 cms water. 

= 19230 dynes per sq. cm 
Temperature = 11® 5 C. 

»7at irSC. = 0103. 


And similarly for the observations with the solution. 



SECTION xm 

SURFACE TENSION. 


Apparatui required: Glass tvhe and scale, microscope 
and stage micrometer 

Heat in the blow-pipe flame a piece of glass tubing which 
has been thoroughly cleaned inside with water and dried, and 
when a portion about a centimetre long, four or five centimetres 
from one end, is soft draw the two ends apart so as to form a 
fine capillary tube 

Break off the capillary part of the tube, and repeat the 
drawing-out process on the rest of the tube by heating a 
portion close to that previously heated, using the contracted 
drawn-out end to hold by, till half-a-dozen capillary tubes have 
been obtained, two about 1, two about 7, and two about 
3 mm diameter The drawmg-out process should be carried 
out more slowly the wider the capillary tube required 

Break off from each of the finer tubes about 20 cms and 
from the wider about 10 cms of 
the most uniform portion 

Mount vertically in a small 
glass vessel containing water 
a transparent graduated scale. 

Both vessel and scale should be 
thoroughly clean. Wet the scale 
a little and place a tube against 
it (Fig 33) ; the tube will stick 
and will not need supporting 
The water will ascend in the 
tube When the water has 
reached its greatest height, raise 
the tube a few mms , so that the 
inner wall above the meniscus is Fig. 88. 

wet, and read on the scale the 
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levels of the meniscus and of the surface of the liquid in the 
vessel. 

In taking the latter reading the level of the surface at a 
httle distance from the scale should be 
read, since close to the scale the surface is 
curved upwards, thus — Read A, not B 

Gum a small piece of paper to the tube, B 
2 mms above the top of the column, of ^ 
liquid in it. 

Raise the tube 6 mms , and again take 
readmgs If the difference of level of the 
meniscus inside the tube and of the liquid 
outside IS the same as it was previously, the tube is uniform 
If there is much diffeience another tube should be substituted 
for it. 

Repeat the observations with two other tubes of different 
diameters, attaching a strip of paper to each 

Now take another vessel, clean it thoroughly, fill it with 
20 7o ethyl alcohol, and take observations with the other three 
tubes, attaching strips of paper as before. Pour the alcohol 
back into the stock bottle 

The radii of the tubes at points 4 5 mms below the strips 
of paper, te at points halfway between those at which the levels 
of the liquid were read, must now be found 

To do this a microscope provided with a micrometer eye- 
piece IS required To determine in cms the value of a division 
of the scale of this eyepiece, place on the stage of the micro- 
scope a scale graduated in tenths of a mm , notice how many 
divisions on this scale correspond to some convenient number 
on the eyepiece scale, and hence find the value of a division of 
the eyepiece scale in centimetres. Remove the stage micro- 
meter, break off one of the tubes 45 mms. below the gum 
paper by marking it with a fine file or rough-edged knife, or 
the sharp edge of a broken piece of quartz, and mount each 
part with the broken section upwards on a microscope slide 
attaching them by a little soft wax Now place one of these 
mounted tubes on the stage, focus the broken end of the tube, 
and read its diameter in scale divisions of the eyepiece micro- 
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meter If it is not accurately circular, measure its greatest and 
least diameters and take the mean. 

Repeat with the other piece. Take the mean and convert 
to cms. 

Do this with each capillary tube used, and calculate the 
value of the surface tension T in dynes per cm. from the 
equation 



where 

g == value of gravitational acceleration. 
p = density of liquid. 

h = height of meniscus in tube above liquid outside 
r = radius of tube 

Tabulate your results as follows • — 

12 February, 1899 
Microscope A. 

10 divisions of eyepiece scale = 1*67 divisions on stage scale 

= *167 mm 

/. 1 division of eyepiece scale = 00167 cm. 




Beading in cms. at 

Height 

cm. 

Badius 



Liquid 

Tube 

Meniscus 

Base 

evepiece 

divisions 

cms 

h T 

T 

Water 

■ 1 

3 66 

3 65 

1 62 
1-61 

214\ 
2 14/ 

42 5 


162 

74 2 


0 

6 65 

1 63 

5 12 






Zi 

6 64 

162 

6 12 






3 









n 



i 

i 

i 













Q 
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Verify the value found for water by the following method : — 
Clean carefully the thin sheet of glass provided, and suspend 
it from the left-hand end of the beam of a simple balance by 
means of the thin metal clip Adjust the sheet till its under 
edge IS horizontal, and place weights m the right-hand pan till 
the pointer of the balance reads zero. Fill a clean glass vessel, 
wider than the strip of glass, with clean water, place the vessel^ 
under the strip and raise it gradually till the lower edge of the 
glass just touches the surface of the water. Push the glass a 
millimetre down into the water so as to wet the edge, and 
then place weights m the nght-hand pan of the balance till the 
edge IS just torn away from the water. If m grams, in addition 
to the weight to balance the glass in air, have to be used, and 
if 1 18 the length of the edge of glass touching the surface, 

mg = T.2l, or 2’=^. 

Record as follows — 

Weight to balance glass in air = *62 gram 
„ tear glass from water == 1 69 grams 
Difference due to surface tension = 1*07 „ 

Length of edge touchmg water =76 cms. 

Surface tension of water =70 dynes per cm. 



BOOK III. 

HEAT, 


SECTION XVIII. 

COEFFICIENT OF EXPANSION OF A SOLID 

Apparatus required : Tubes of metal and glass, flow of 
hot water or steam, thermometer and reading microscope 

When the temperature of a solid is raised, the solid gene- 
rally expands, and if the distance between two given points in 
the solid 18 Iq at 0° C and It at fG we have, to a sufficient 
degree of approximation, 

It = ^0 (1 4' at), 

where a is a constant called the coefficient of linear expansion 
or dilatation. 

In order to determine this coefficient, a bar of convenient 
length may be measured at two temperatures ti and t^ If 
and Zg are the obseived lengths, we have as a consequence of 
the above relation 

_ ^2 ~ ^1 
Zq (Zg — Zi) 

As a is small m the case of solids, we may as a rule with 
sufficient accuracy substitute the length at the ordinary tem- 
perature of the room for Zo Thus the coefficient of expansion 
of metals generally lies between 00001 and 00004, and their 
linear dimensions will increase therefore by less than a 
thousandth part of the original length between 0° and 20®. 
If therefore it is not desired to measure a to an accuracy 
greater than one part in a thousand, Zq may be taken as 
identical with the length measured at the ordinary tempera- 
ture of the room, and with rods about half a metre long an 
ordinary scale graduated to millimetres will be sufficient lor 
the purpose of measurement. 


8. P. 


7 
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The quantity h being small some method of measure- 
ment suitable for small lengths must be used, eg sl microscope 
provided with a graduated scale in the eyepiece 

The heating of the material to be tested is earned out very 
conveniently if it is given m the form of a hollow rod or tube, 
since hot water or steam may be sent through it, to raise it to 
the required temperature If it is a solid rod it should br 
supported in the axis of a glass tube through which the steam 
or water is sent 

If two reading microscopes are available, two marks may 
be made on the tube or rod, one near each end, and the 
displacements of these marks after a temperature change 
which should not be less than 70° 0 measured by means of the 
microscopes, which should be clamped to a solid base. The 
apparatus provided gives sufficiently accurate results with the 
mark at one end of the tube fixed and the other observed 
through a reading microscope only. 

Two tubes of about 60 ems length are provided, one of glass 
and one of brass, and can be mounted so that steam or hot 
water may be passed through them. 

A notch IS cut near one end of each tube, and this notch 
with the tube placed in a horizontal position is made to rest on 
the knife-edge of the stand provided For additional security 
the tube may be clamped above the knife-edge The other 
end of the tube may rest on the microscope stage, but in the 
stand provided it is supported by passing loosely through a 
hole a piece of wood at one end of a paper protecting tube 
fixed to the stand. 



Fig 35 
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Clamp the stand firmly to the bench or slab on which the 
experiment is to be performed 

The fiee end of the tube carries a narrow strip of gum 
paper with a fine pencil line drawn at right angles to the tube. 

You are provided with a microscope having an objective of 
low power so that it is capable of including a field of view of 
about 2 mm. diameter The eyepiece of the microscope is 
provided with a miciometer scale Place the microscope in 
such a position that the pencil line is near the centre of the 
field and parallel to the divisions on the scale and then clamp 
the microscope firmly to the table or slab (Fig. 35). 

Attach rubber tubes to the ends of the experimental tube 
and send a stream of cold watei through , observing the tem- 
perature of the water by means of a thermometer placed in the 
issuing stream. Observe the reading m the microscope. 

Send steam or hot water through the tube and again take 
readings Finally repeat the experiment with cold water. 

Measure the length between the notch and the pencil line 
on the tube to the nearest mm. 

Determine the value of a scale division of the eyepiece by 
placing a scale graduated in ^ mm. on the stage of the 
microscope section 

Record and calculate the coefficient as follows : 

Date, June 8, 1899. 

Microscope A 

58 divisions of eyepiece scale = 10 on stage scale = 1 mm. 

. 1 division of the eyepiece = 00172 cms 

Brass tube 58 6 cms between marks. 


Temp 

Beading 

Difference 

Scale 

Cms 

Water 30° 0. 
Steam 100 

Water 30 

1 42 

6 72 

1 42 

4 30 

0744 


• 0744 , 

Substitute the glass tube and record similarly. 

7—2 





SECTION XIX. 

THERMAL EXPANSION OF A LIQUID. 

Apparatus required : Bulh with graduated stem, and ice 

The change of volume of a liquid with increase of tempera- 
ture is most conveniently found by enclosing the liquid in a 
vessel made of a material of which the coefficient of expansion 
IS known and observing the apparent change of volume of the 
liquid as the temperature of liquid and containing vessel is 
varied 

Smce the apparent expansion is, in general, only a small 
fraction of the total volume, the volume of that part 
of the vessel in which the expansion is measured ® 
should only be a small fraction of the total volume p 

The vessel, which is called a dilatometer,*' is 
generally a glass bulb provided with a graduated stem 
having a fine bore, the liquid filling the bulb and part 
of the stem (Fig 36). 

If at the surface of the liquid in the stem 
stands at the division of the stem, and the volume 
of the bulb up to the zero division of the scale is m, 
measured in scale divisions, the volume of the Injuid 
at 0° C. IS m + n© scale divisions 

If when the dilatometer and liquid are at f C the 
surface of the liquid reads n on the scale, we have, for 
the volume of the vessel up to the mark n at tem- 
perature f C., (m + n) (1 + at), where a is the coefficient 
of expansion of the vessel. If further /St is the expansion of unit 
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volume of the liquid between 0® and unit volume at the 
freezing point of water becomes 1 + A 8*1^ temperature ty and 
the volume of the liquid at the latter temperature will be 
(m 4- Tio) (1 + A), hence : 

(m + n) (1 4- a^) = (m + tIq) (1 -f- A) 

or 1 + A = 

= 1 + -I- at approximately 

m 

from which the expanbion A leadily be determined. 

A graduated capillary tube is provided, at the end of which 
a bulb of about 1 cm diameter has been blown 

Wash and dry the bulb and tube and then weigh 
Heat the bulb gently m a bunsen burner, then dip the open 
end of the tube into a small quantity of the liquid to be tested 
which, if necessary, has been boiled to free it from dissolved air. 
As the air in the bulb contracts, liquid is drawn up the tube 
into the bulb Repeat the heating and cooling till the bulb 
and a short length of the stem are filled with liquid 

Place the tube in a water bath at about 16® C., and after 
waiting 10 minutes to allow the liquid in the bulb to take up 
the temperature of the bath, read the temperature of the bath 
and the position of the liquid in the stem. 

Weigh the bulb and contents The difference between this 
weight and the previous one is the weight of the liquid in the 
bulb, and if its density is known, the volume of the liquid, 
therefore the volume of the bulb and stem containing it, can 
be found 

To determine the volume of one scale division of the stem, 
heat the bulb gently till the liquid stands rather more than 
half way up the stem, then plunge the open end of the stem 
into clean mercury, which will be drawn up the tube as the 
liquids contract Allow the dilatometer to cool till the posi- 
tions of both ends of the mercuiy thread can be read on the 

0/IIOI A 
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Observe the length of the thread and weigh the bulb and 
its contents again The difference between this weight and 
the last one is the weight of mercury, which may be divided 
by 13 596 to give the volume, and hence the volume of a scale 
division of the stem in c.c may be found 

The dilatometer should again be heated till the mercury 
thread is expelled from the tube, and the upper end of the' 
tube then sealed m the blowpipe (Fig 36) A label is attached 
to the tube stating the liquid in the tube, the volume of the 
bulb, and of a scale division of the stem , from these numbers 
the quantity m may be calculated 

The dilatometer should first be placed m a bath containing 
melting ice, and after the position of the liquid has become 
constant, a reading should be taken The temperature of the 
bath should then be raised about two degrees, and observation 
of temperature and apparent volume taken at the new tempeia- 
ture The observation should be repeated at intervals of 2° C. 
up to lO"" C and then at intervals of 5® C over the range of 
temperature desired, and again as the temperature is decreased. 

Care must be taken to wait suiBSciently long after each 
change of temperature to allow the liquid in the bulb to come 
to its final state, for it must be remembered that the thermal 
conductivity of liquids is small, and that convection currents are 
diminished owmg to the small size of the bulb 

The observation and results should be tabulated as follows 


Expansion of Water, 

10 February, 1899. Dilatometer A, m = 15500, a = *000020. 


Temp 

Beading 

n-fio 

n-np 

m 

at 


O'C 

24 0 

0 

0 

0 

0 

0*6 

23 2 

- 8 

- 0000516 

000012 

- 000040 

1-7 

22 1 

-1 9 

- 000119 

•000034 

- 000085 

33 

21 1 

-29 

- 000192 

000066 

- 000126 

5-3 

20 6 

-34 

- 000222 

000106 

- 000116 

73 

21 4 

-26 

-•000176 

000146 

- 000030 

12 3 

25 5 

+ 15 

+ -000098 

•000246 

+ 000344 

<kc. 

&c. 


&c 
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Numerical calculation will be facilitated, if the reciprocal of 
m IS first calculated and then multiplied successively by the 
numbers m the thud column Three figures are sufficient and 
Crelle’s Tables or a slide rule may be used 

A curve (Fig 37) should be drawn with the observed 
temperatures as abscissae and total volumes 1 -h as ordinates. 
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Fig 37. 

The numbers taken with rising and falling thermometer 
should be plotted separately and should shew no systematic 
diffeience 

If the liquid is watei especial care must be taken with 
the observations between 0° and 10° owing to the anomalous 
behaviour of that liquid 

Numbers giving the volume of 1 gram of water at different 
temperatures should be taken from Kaye and Laby*s Physical 
fables, and represented by a second cuive for comparison 




SECTION XX. 

COEFFICIENT OF INCREASE OF PRESSURE OF A 
GAS WITH TEMPERATURE. 

Apparatus required : Bulh aiid pi essure apparatus^ water 
hath, thermometer. 

If the temperature of a constant volume of gas is raised, 
the pressure of the gas varies according to the equation 
pt = Po (1 + ^t), where p^ is the pi essure at 0° C , ^ the tem- 
perature Centigrade, and /S a constant, called the coefficient of 
increase of pressure with temperature. 



Fig 38. 


To verify the law expressed by the above equation in the 
case of air the apparatus shewn in Fig. 38 is provided. 

A IS a glass bulb to which a bent tube of small bore BCD is 
attached. At the lowest point of the tube it branches and 
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to the branch is attached a piece of rubber tubing which can 
be compressed between the plate JS and the stand by turning 
a screw 

The rubber tube and the lower part of the tube CD are 
filled with mercury, and the open end of the rubber tube then 
closed by a short glass rod 

By adjusting the quantity of mercury and the pressure at E 
the surface of the mercury in the left-hand tube may be brought 
to the fixed mark C If the position of the surface of the 
mercury in D is then read, and the height of the barometer is 
known, we have the total pressure to which the air in A is 
subjected. 

To determine how this pressure varies with the temperature 
of the air m the bulb, fill the bath in which the bulb is placed 
with cold water, noting its temperature Adjust the mercury 
to C, and read the position of D on the scale alongside 

Eaise the temperature of the bath about 5° 0. keeping the 
water stirred, and repeat the adjustment and readings. Take 
four observations at intervals of 6® 0. and then wait until the 
thermometer has risen 26°, ie stands 40° higher than at the 
beginning of the observations. Take four more observations at 
intervals of 5° Then release the pressure of the screw so as to 
lower the mercury m the tube G and prevent it running back 
into the bulb as the air in the bulb is cooled, and pour suflScienb 
cold water into the bath to lower its temperature 5°C. Stir 
well and raise the mercury to C again, then read D Lower the 
mercury, cool further and repeat the observations till the 
original temperature is reached Take the means of each pair 
of observations at nearly the same temperature and use them 
in what follows 

Read the barometer , the pressure of the gas in terms of a 
column of mercury will be the sum of the height of the 
barometer and the difference m level between C and D 

If p is this pressure and v the volume of the gas at tem- 
perature t, we have pv=poVo(l + where Vq is the volume 
atO°C 

The volume of the contaimng vessel will increase slightly 
as the temperature rises owing to the expansion of the glass 
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If the coefficient of expansion of the glass is a, the volume 
V of the vessel is obtained from t; = Vo (1 + 


Hence 


P^Po 


1 + 


Or since in the above experiments at is always less than 
*002 and less than 2, we may write with an accessory of 
1 part m 2000 

P^PoO^ + (^-OL)t) 

If piti, pjti are two sets of readings of p and t, we may form 
two similai equations and eliminating p^ find 


and hence 


^ Pi 

(1 + - a) Q 1 4- (/3 - a) ’ 

1 


^ P^- Pi Pi 

Pl^2 Pi^l ^2 ^ 

P’^~~Pl 

^ may therefore be calculated, if a is known, by observation 
of any two corresponding pressures and temperatures If a 
number of readings are taken at regular intervals of tempera- 
ture we may apply the method explained in Section (III) and 
secure the smallest probable error by taking a certain number 
of observations, omitting the same number, and finally taking 
again an equal number The observations are combined and 
reduced as given in the Table below Of the two forms for 
— a) given above the first involves less arithmetical labour, 
and would naturally be used in case the pressure is observed 
for only two temperatures But for a series of experiments 
the lesults may be tabulated in a more symmetrical manner 
if the second foim is adopted. The labour of calculation is 
reduced if the reciprocals of pi and p^ are obtained from 
Barlow's Tables. 


* For more accurate work the expression, 


should be used. 


1 1 

( iTaq)Pi (1 -fata) Pa 

^ tg 
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The fractions and the final quotients may be found 

with sufficient accuracy fiom Crelle's multiplication tables 
Arrange the observations as follows: 

8 Nov, 1899 

Apparatus marked K, Height of Barometer 76 2 cnis. 



Pi 

1 

Pi 

h. 

Pi 

h 

P2 

1 

P2 

h 

P2 

1 1 

Pi P2 

P2 Pi 

/9 - a 

10° 5 

77 7 

01287 

135 

50 3 

88 4 

01131 

567 

00156 

412 

•00361 

16 2 

78 9 

1267 

191 

55 1 

89 6 

1116 

609 

151 

418 

361 

20 

80 1 

1248 

249 

60 0 

90 9 

1100 

660 

148 

411 

360 

25 0 

81 3 

1230 

307 

65 0 

92 1 

1086 

706 

144 

399 

361 


Mean value of (/8 — a) . . = 00*^608 

For glass of bulb a .. . = 000028 

)8 for air . = 003636 

— l//3 = absolute zero of constant volume air thermo- 
meter .... . = — 275°C. 

According to Regnault ^ should be equal to 003669 
There are two further sources of error which tend to reduce 
the apparent value of y8 One is the expansion of the glass 
vessel due to increased internal pressure at the higher tem- 
peratures, and the other is due to the air in the tube leading 
from the bulb not being at the same temperature as that in 
the bulb The first-named error is not likely to be more than 
1 in 300,000 with the dimension of apparatus used, the second 
error will not exceed 1 in 6000 if the bulb has a diameter of 
10 cms , and the length of capillary tube between the bulb and 
the fixed mark is not more than 20 cms and its diameter not 
more than 18 mm 

If the interior of bulb is not thoroughly dry too high value 
will be obtained owing to the evaporation of the water fiom 
the walls of the vessel. To secure dryness a few drops of strong 
sulphuric acid are introduced into the bulb before the mercury 
IS poured into the tube 

The increase of pressure of a gas is used to measure 
temperatures in the " constant volume gas thermometers,” the 
construction of which is the same m principle as that of the 
apparatus used in this exercise. 




SECTION XXL 


COEFFICIENT OF EXPANSION OF AIR AT 
CONSTANT PRESSURE 

Apparatus required: Graduated tube and index, water 
bath, and thermometer. 

When the temperature of a gas maintained at constant 
pressure is raised, the volume mci eases, and may be repre- 
sented by an expression of the form 

v — Vq{ 1+ at), 

where v is the volume at fC.y Vo at 0®O and a is a constant 
called the coefficient of expansion of the gas 

If the gas 18 enclosed in a vessel the coefficient of cubical 
expansion of the material of which is J3, the apparent volume 
of the gas will for expansions not greater than 30 per cent be 
expressed with an accuracy of 1 part in 2000 by the equation 

V = Vo (1 -f a - /S 0 

If and are two temperatures and v^, the corresponding 
apparent volumes, it is found on eliminating v© that 

~ vjii 

1-1 

^ 

— — — 

Va Vi 

Hence if observations of the variation of volume of a given 
mass of gas, enclosed in a vessel of known coefficient of expan- 
sion, are made, the coefficient of expansion of the gas may be 
determined 

The apparatus provided consists of a graduated glass tube 
of fine bore, one end of which is sealed, and the other attached 
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to a wide tube bent at right angles The complete tube is 
attached to a brass fiame. The capillary tube is filled foi 
about two-thirds of its length with an, which is confined by a 
thread of strong sulphuric acid in which a few grains of mdigo 
have been dissolved This thread serves both to indicate the 
volume of the air and to keep it dry (Fig. 39) The wider pait 
of the tube serves as a reservoir of acid whose height is not 
appreciably affected by the flow of acid into or out of the 
capillary tube The pressure to which the enclosed air is 
subjected remains theiefore constant whatever its volume 



air, place the graduated tube with the closed end about 1 cm 
higher than the meniscus in a water bath the temperature of 
which can be varied (Fig 40) Mix ice and it necessaiy salt 
with the water till the temperature indicated on a theimometer 
placed in the water is 0°C. Stir the water well and after 
waiting till the thread of acid has taken a constant position, 
take a reading of that end of it which is in contact with the 
gas Increase the tempeiature of the water by 5°C , stir it well 
and again observe the volume when it has become constant 
Take four observations, increasing the temperature in steps of 
6°C , then wait until the temperature has risen another 25° and 
take four more observations at temperatures increasing by 5°C. 

Then decrease the temperature and take observations at 
approximately the same temperatures as during the rise 

The closed end will not in general be at the zero of the 


110 


HEAT 


XXI 


scale and its reading must therefore be subtracted from the 
readings of the index to obtain the volumes As the closed 
end IS often conical a short thiead of acid may be introduced 
to occupy the conical spaces. It is assumed that the bore is 
uniform so that the differences in the readings of the scale 
are proportional to the volumes 

The observations are reduced as in the previous section. 
Enter as follows . 

Apparatus marked B 12 Novembei, 1899. 

Reading at closed end 5 05. 


Temperature increasing 

Temperature decreasing 

t 

Beading 

Vol 

t 

Beading 

Vol 

00 

15 25 

10 20 

0 

15 25 

10 20 

50 

15 42 

10 37 

48 

15 42 

10 37 

10 1 

15 59 

10 54 

10 2 

15 61 

10 56 

15 1 

15 80 

10 75 

14 1 

15 76 

10 70 

39 5 

10 67 

11 62 

40 5 

1671 

11 66 

43 8 

16 83 

11 78 

44 2 

16 87 

11 82 

49 8 

17 03 

11 98 

50 6 

17 07 

12 02 

54 6 

17 -23 

j 12 18 

55 6 

17 27 

12 22 


Take the mean of the numbers for increasing and decreasing 
temperatures and enter as in the following table 





h 

n 

h 


1 

V2 

h 

V2 

1 1 

Vi V2 

t2_h 

a-/3 

O^C 

10 20 

0980 

0 

40° 0 

11 64 

0859 

3 44 

0121 

B 44 

00353 

49 

10 37 

0964 

47 

44 0 

11 80 

0847 

3 73 

0117 

3 26 

00359 

10 15 

10 55 

0948 

96 

50 2 

12 00 

0833 

4 18 

0115 

3 22 

00357 

14 6 

10 72 

•0933 

136 

55 1 

12 20 

0820 

4 52 

0113 

3 16 

00358 


Mean value of a — yS 
^ for glass used 
a 

-1/a = zero of constant pressure air thei mo- 
meter 


= -00357 
= 00003 
= 0^0 


= -277‘’C. 
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For gases satisfying Boyle's law the coefficient of expansion 
at constant pressure is the same as that of increase of pressuie 
at constant volume The value of a found is about two per 
cent, too small, which may be accounted for by the capillary 
tube being wider near the division 16 than at lower readings. 

Take temperatures as abscissae, and volumes in scale divi- 
sions as ordinates and draw a straight line passing as nearly as 
possible through the points so determined (Fig 41) From the 
inclination of the straight line find the value of a — ant 
compare it with the result of the calculation. 
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SECTION XXII. 


EFFECT OF PKESSURE ON THE BOILING POINT 
OF A LIQUID. 

Apparatus required : Thermometer ^ flask, condenser and 
filter -pump. 

When the pressure under which a liquid boils is increased, 
the temperature to which the liquid must be brought before 
boiling takes place is raised, and if the pressure is decreased 
the temperature at which boiling occurs is reduced It is the 
object of the present exercise to find the relation between 
the two changes 

In the diagram of the apparatus to be used (Fig 42), A is a 
Bunsen filter pump through which a rapid flow of water from 
the tap Ti may be kept up. 



the handle which is joined at the centre by another passage 
at right angles leading only to one aide The aide to which 
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it leads is marked by a black dot. When the handle is veitical 
with the black dot to the right, the pump is in connection 
with the condensing apparatus Call this position A When 
the black dot is to the left the apparatus is open to the air. 
Call this position B When the handle is horizontal with the 
black dot below, the way to the bottle is closed, and the pump 
18 m connection with the air. (Position C ) 

IS a bottle to diminish the changes of pressure due to the 
bursting of bubbles in the flask N duiing boiling, so arranged as 
to prevent water from the pump flowing back to the manometer 
when the pump is stopped. 

E IS a, stop-cock to cut off the boiling apparatus from the pump. 
(7 IS a mercury manometer, with a reservoir R for adjusting 
the leading of the surface m the open tube to the zero of the 
scale alongside. 

M IS a condenser in which the steam is condensed, the 
condensed liquid running back into the flask. 

E is the flask m which the boiling takes place 
r is a thermometer giving the temperature of the vapour 
rising from the liquid experimented on — water in this case 
To commence the expeiiment, put the flask N m connection 
with the air by turning D till the handle is in the position B 
Set the water in the flask boiling, and see that water is passing 
slowly through the condenser from the tap T^. Read the 
barometer, and calculate the true boiling point of water at the 
observed pressure, taking the boiling point as changing 37° C. 
per cm change of pressure. When the temperature is steady 
read the theimometer T, and determine the error at the boiling 
point. The whole of the mercury thread should be inside the 
flask. If any of it lies outside, a portion of the correction 
determined is due to the ‘‘ emergent stem 

If the error of the thermometer at zero has been previously 
determined and marked on the thermometer, the correction at 
any reading may be found with suflScient accuracy for the 
present purpose^ by drawing the curve of corrections as in the 
Intermediate Course of Practical Physics, 

* This method will also apply with stifficient aocoraoy to the correction for 
the emergent stem if that correction is small. 


8 P. 


a 
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Now turn D into position A, and set the pump working 
When the difference of level of the mercury columns in G is 
4 cms , turn the stop-cock into position C, turn off the water at 
tap Ti, and, after waiting two minutes, read the thermometer 
and manometer three times at half-minute intervals After 
taking the observations, turn on the water again, place D 
vertical with the dot to the right, and dimmish the pressure 
4 cms. further. Take readings as before 

Repeat the observations at intervals of 4 cms pressure till 
the temperature is about 75°, then with the pressure increasing 
again to that of the atmosphere Take the mean of each set of 
three, correct it for the errors of the thermometer, and tabulate 


results as follows — 


1 April, 1899. 

Observed height of barometer 

763 2 mi 

Calculated boiling point 

Obseived reading of thermometer at 

100° 1 C 

atmospheric pressure 

Hence correction of thermometei at boil- 

99 3° 

ing point 

= + 8° 


Pressure 

Temperature 

at 

manometer 

in 

flask 

Observed 

Correction 

Corrected 

0 

763-2 

99 3 

+ 8 

100 1 

40 2 

723 0 

97 8 

8 

98 6 

78 1 

685 1 

96 3 

•8 

97 1 

121 2 

642 0 

94 6 

8 

95-4 

162-1 

601 1 

92 8 

8 

93 6 

(kc. 

<tc 



dec 


Now plot a curve with pressures as abscissae, and the 
corrected temperatures as ordinates, representmg the points 
obtained with the pressure decreasing by a cross, those with 
the pressure increasing by a circle. 

The two sets of observations should not differ by more than 
about T® from each other. If they do, sufficient time has not 
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been allowed between each observation for the temperature of 
the steam to become constant 

If the agreement is good plot a second curve with log ^ as 
abscissae and tempeiatures as ordiaates. Notice that this curve 
IS nearly a straight line. 

Fiom the observations determine the temperatures corre- 
sponding to pressures of 760, 720, 680 mms., etc., by graphical 
construction or as follows ' — 

Let Pi be the observed pressure next below the pressure p 
for which the temperature t of boiling is to be determined. 
Let p 2 be the observed pressure next above p Then if ^l and 
be the temperatuies of boiling corresponding to pi, p^ 


t — + (^2 ^i) 


logp - log pi 
log^Jj-log^i 


or 


^ + (^2 — ~ 


approximately. 

The second term need only be calculated to one significant 
figure, so that the second expression is as a rule sufficiently 
accurate 

Tabulate the results along with Regnault's as follows — 


Pressure 

Temperature 

Experiment 

Regnault 

760 mms 

100 0 

100*^0 0. 

720 

98 6 

98 5 

680 


96 9 

640 


95 2 

600 


93 5 

560 


91-7 

520 


89 7 

480 


87 6 

440 


85 4 

400 


83 0 

360 


80-4 

320 


77 5 


8—3 
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HYGROMETRY 

Apparatus required : DamelVs hygrometer, wet and dry 
bulb thermometers, ether 

The most important determination in connectnm with the 
aqueous vapour present in the atmospheie is that of the 
“ relative humidity ’’ or “ fractional saturation/’ % e the ratio of 
the amount of moisture actually present at any time in a given 
space, to the amount which would at that temperatuie saturate 
the space This quantity may be determined directly by 
passing a known volume of moist air through tubes filled with 
drying materials and finding the increa'^e in weight of these 
matenals due to the moisture absoibed It is determined in 
practice however by one of two methods * — dew point observa- 
tions, or wet and dry bulb observations 

In the first of these methods the air is cooled down till the 
vapour present in it begins to condense, and 
the temperature at which condensation begins 
18 observed. The instrument used is called a 
dew point hygrometer The form known as 
DanielFs hygrometer consists of a tube with a 
bulb at each end containing ether and vapour 
of ether only The outer surface of the lower 
bulb IS silvered, gilded or made of black glass 
and encloses a thermometer , the upper bulb is 
covered with muslm (Fig 43) A thermometer 
fixed to the stem indicates the temperature of 48. 

the air. Allow the instrument to stand for 10 or 15 minutes 
in a room at constant temperature Then read the thermometer 
within the ball and that on the stem 

Determine the dew point at a quiet spot outside the 
laboratory, in the following way. Tilt the instrument till the 
ether has run into the lower bulb. Pour a httle ether on the 
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muslin surrounding the upper bulb As this ether evaporates 
the bulb 18 cooled and the ether in its interior condensed 
This 1 educes the pressure of ethei vapour within the balls, and 
in consequence ether in the lower bulb evaporates and the ether 
and bulb are cooled Watch carefully the polished surface of 
the lower bulb to see when moisture is fust deposited on it 
Keep the muslin saturated with ether, and occasionally shake 
the instrument so as to stir the liquid in the lower bulb Note 
the temperature of the air and of the thermometer in the bulb 
when moisture first appears The instant of appearance ma^ 
be best detected by watching the image of some object in the 
polished surface of the bulb Cease applying ether to the 
muslin and watch when the last sign of moisture disappears 
Note again the temperatures and take the mean of the readings 
in each case The mean temperature indicated by the thermo- 
meter in the bulb is the dew point Find from tables the 
pressure of aqueous vapour at the dew point, and at the 
temperatuie of the air The ratio of the first to the second is 
the relative humidity, oi fractional saturation 

Record as follows — 

16 March, 1897. 

Readings of thermometers after instrument had stood 
15 nun. in room 
Thermometer in air =19 2° C. 

„ ether = 18 8 

Difference 4 


Readings for Dew Point : 


Thermometer in air 
Correction „ 
Temperature of air) 
on inside therm J 


= 17 4 
•4 


= 17*0® C., .*. press of vapour = 1*44 cms 

of mercury 


Temp of dew point = 12 5® „ „ = 1*08 cms. 

of mercury 

Relative humidity = 1 08/1 44 = 75 

The second method consists in observing the difference of 
readings of two thermometers, one with its bulb surrounded by 
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a wet wick and the other with its bulb free The arrangement 
IS known as the wet and dry bulb thermometer (Fig 44). 

The indications of the wet bulb do not depend, however, 
exclusively on the hygrometric state of the an, 
for if the air near the thermometers is in motion, 
evaporation is more rapid and the reading of the 
wet bulb lowered in consequence. The readings 
can only be interpreted by means of tables based 
on experiments, but it is found by comparison 
with more accurate hygrometers, that if the air 
round the thermometers is neither absolutely still 
nor violently disturbed, these tables give results 
which are suflSciently accurate for meteorological 
purposes. 

Compare the readings of the two thermometers 
before the muslin on the wet bulb is moistened 

Satuiate the muslin surrounding the wet bulb 
of the hygrometer provided, and the wick hanging 
from it, with water, and place it in a position so 
that the air can flow across the bulbs of the thermometers. If 
the air is still, suspend the instrument by a string from a fixed 
point, and set it slowly swinging as a pendulum. 

The temperature of the wet bulb will be found to decrease. 
When it becomes steady read both the thermometers, and use 
table 35, Lupton, p 80, to find the pressure of the aqueous 
vapour present in the air. Then divide by the pressure of 
saturated vapour at the tempeiature of the dry bulb The 
quotient is the relative humidity, or fractional saturation. 

Record as follows : 

Reading of dry bulb alter standing 16 mm. in room = 17 5° C. 


„ bulb with dry muslin „ „ = 17 4"" 

DiSerence 1 

Readmg of dry bulb in air = 17 1° 

.% temperature of air as measured on other therms. =17*0® 

„ wet bulb -- 14 6® 

.% pressure of vapour to saturate air at 17® 0. *=1 44 cms. 

„ „ present, from tables = 1 09 „ 

relative humidity = 1 09/1 44 = 76. 
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SECTION XXIV. 


LAWS OF COOLING. 

Apparatus required: Galoiimeter, with {a) simple en- 
closurCy (b) enclosure with water jacket ; glass tubing to be used 
as pipette j thermometer graduated in degrees and reading 
from about 10° 2o°C. , thermometer graduated in -^degrees 

and reading up to 50° C. 

If a body differs in temperature from its surroundings, it 
will lose or gam heat by radiation and by conduction to the 
bodies surrounding it 

The conduction is much affected by air currents caused 
by the an in contact with the calorimeter ascending and 
being replaced by colder air Conduction is thus increased 
by the fresh supply of cold air, and is rendered irregular if 
by any cause the movement of the air is accelerated or 
retarded. Heat cairied away by the bodily motion of the 
air 18 said to be carried by “ convection '' 

Experiment I. To determine the rate of cooling of a 
calorimeter under various conditions 

Draw a pencil line round the inside of the calorimeter 
(Fig 45) provided, about 1 cm below the rim 

Fill it to the mark with water at a temperature about 20° 
above that of the room. Place the calorimeter on the table 
unprotected, and place a thermometer, reading to 50°, in the 
water. Take readings of the temperature of the water every 
half minute during a penod of two minutes, stirring the 
water well the whole time, and, estimating to 0° 01 C , wait 
two minutes and then take five further observations at half 
mmute intervals. Take the temperature of the air by means 
of the smaller thermometer in the interval of waiting. 
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Raise the water to its original temperature, and repeat the 
experiments with the calorimeter protected by an outside vessel 
but not covered ; and thirdly, with the calorimeter covered 



The experiments are entered and reduced as follows i 
12 Oct. 1898. 

1. Calorimeter unproiected. 


Time 
hr. mm. 

Temperature 

Time 
hr. mm 

Temperature 

Fall m 4 mm 

3 10 0 

38* 18C. 

3 14 0 

37* 

530. 

65 

10 5 

10 

14 6 


46 

64 

11 0 

00 

15 0 


37 

•63 

11 5 

37 94 

15 5 


29 

•65 

12 0 

86 

160 


•23 

63 

Means 

38 016 

] 

37 

376 

640 

Mean temp. 37"*696 






Average fall in four minutes *640 

„ per minute 160 

Temperature of air ... 18° 5 C 
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The rates of cooling when the calorimeter is protected by 
an outside vessel, and covered or uncovered, must be deduced 
in exactly the same way^ Compare the results in the three 
cases, and draw your conclusions 

Experiment II. Having seen how the effects of con- 
vection currents can be diminished by properly protecting the 
calorimeter, we must next study how the amount of the cooling, 
in nearly quiescent air, varies with the temperatures of th€ 
body cooled and of its surroundings 

You are provided with a calorimeter which can be placed 
in an enclosure consisting of a vessel having 
a double wall, into which water at the 
temperature of the room may be poured 
(Fig 46)* Two thermometeis graduated 
in tenths give the temperatures of the water 
in the calorimeter and enclosure respec- 
tively. 

Fill the calorimeter with water up to 
the pencil line drawn round the inside 1 cm. 
below the rim Raise the water to a tem- 
perature approximately 5° above that of the 
room, and observe the temperature every 
half minute for two minutes, then wait two 
minutes and observe again for two minutes, 
keeping the water well stirred Note the 
temperature of the enclosure, which should 
be approximately the same as that of the 
room, at the beginnmg and end of the 
observations 

Tabulate as shown previously. 

Raise the water in the calorimeter to temperatures 10°, 20°, 
and 30° above that of the room, and observe the rate of cooling 
in each case, adjusting the temperature of the enclosure to be 
the same within a few tenths of a degree during each set of 
observations 

Calculate in each case the ratio of the rate of cooling to the 
excess of the mean temperature of the calorimeter over that of 
the enclosure. Call that ratio h 



Fig 46. 
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Collect your results as follows : 


in temperature 
f calorimeter 

Mean temperature 
of endoBure 

Difference 

Rate of 
Cooling per 
minute 

Cooling per min 
per degr^ excess 

48 5rO 

16 30^0 

32 24** 0. 

494 

0153 

39 31 

16 26 

23 06 

GO 

0122 

29 68 

16 45 

13 13 

158 

0120 

21 66 

16 40 

6 22 

•056 

0107 


Mean 0126 


The quantity called h is the rate of cooling for a difference 
of temperature of one degree between calorimeter and enclosure, 
calculated on the assumption that the cooling is proportional to 
the difference of temperature between the calorimeter and 
enclosure, an assumption which the result shews is only ap- 
proximately true 

If the mass of water in the calorimeter is M, then the heat 
lost will be Mh gramme degrees per minute, and if A is the 
total area of the calorimeter exposed, the heat lost per unit 
surface in one minute will be MhjA, or if k is the heat lost per 
sq. cm. of surface per second, per degree excess of temperature 

h-^ 

604 • 

Calculate k from the mean value of h found, and enter your 
results as follows. For small differences of temperature k 
should only depend on the nature of the radiating surface 

Inner radius of enclosure . . 6 eras. 

Weight of water m calorimeter . ... 146 grms, 

Radius of calorimeter . . 3 2 ems 

Height of „ . . . . . 5 1 „ 

Area of curved surface of calorimeter . . . 102 6 sq. cms. 

„ top and bottom „ . . 64*4 „ 

Total area of radiatmg surface 167*0 „ 

Mean value of h found above = *0126. 

„ , 0126 x 146 

Hence k = “ 000183. 

The inner radius of the enclosure is not required in the 
calculation, but should be measured and recorded, in order that 
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the effect of the dimensions of the air space on the heat lost 
by conduction and convection may be traced by comparing 
the results obtained under different conditions. 

Newton’s Law of Cooling states that the rate of loss of 
heat of a hot body is proportional to the difference in tempera- 
ture between the surface of the hot body and the surrounding 
space The above experiments have shewn that the law is 
only approximately true, but it holds with sufficient accuracy 
in heat measurements where the differences in temperature do 
not exceed a few degrees 

In order that the results obtained in the above experiments 
may be utilised in calorimetric measurements, a few further 
explanations are necessary. 

If h IS the cooling in a given interval of time of a calori- 
meter containing a liquid whose specific heat does not vary 
with the temperature, when the difference in temperature 
between the calorimeter and the enclosure is one degree, 
Newton’s law states that the rate of cooling H when the 
temperature of the enclosure is and that of the calorimeter 
Tis 

If To is known, the value of h may be determined from a 
single experiment, as in Exercise II above 

It is often impossible to know the value of To accurately, as 
different parts of the enclosure may have different temperatures 
In this case the above equation will still hold, but will 
represent the mean temperature of the enclosure To deter- 
mine h we then require two sets of observations with different 
values of T, but the same Let Hi be the cooling of the 
calorimeter in a certain interval when the temperature is Ti, 
and when the temperature is , then 

Hi^h{Ti-T,) and T,). 

As ifi, Ifa, Ti, T2 are known quantities, the values of h and 
2 0 may be deduced and substituted in the general equation 

H^h(T^To) 
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It IS found in this way that 


and 






which gives the fall of temperature in the interval, for any 
value of T 

Sufficiently accurate values may be obtained by a graphical 
method Let OAq (Fig 47) lepresent the temperature Tq of the 
enclosure, and OAj the temperature Ti of the calorimeter for 
which the cooling has been determined Let AiNi represent 
the rate of cooling measured on some suitable scale Join ^o^i* 
Then if OA be any temperature T, the corresponding rate of 
cooling will be measured by AN For 


AN AAq _ T — Tq _ Rate of cooling at temperature T 
wdiiVj AiAq^Ti — Tq Rate of cooling at temperature ’ 


Hence, if a curve is drawn such that the ordinates measure 
rates of cooling, and the abscissae 
the corresponding temperature of 
the cooling body, the curve is a 
straight line within the limits of 
accuracy of Newton’s Law of Cool- 
mg 

If the temperature Tq is not known, but the rates of coolmg 
Hi and are found for the two temperatures 2^ and Tq, we 
may deduce the rate of cooling for a temperature T as follows . 

Take OA^ and OAq (Fig. 48) to represent 2^ and Tq, A^Nx 
and AqNq the rates of coolmg flj and Hq Join NNq If OA 
be any temperature T, then AN will be the corresponding 
rate of cooling. 

It may happen that at the beginning of an experiment, the 
water m the calorimeter at a temperature 2i does not fall but 
rises m temperature. In that case the line must be 

measured downwards as in Fig. 49, %e,, it must be taken as 
negative coolmg. 

In drawing the curves, attention should be given to the 
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scale. If the rates of cooling are measured to one per cent,, 
for instance, which in all cases will be sufficient, the length of 




the line should be such that the hundredth part of it may 
be estimated, % e , the unit in which it is measured should be 
chosen so that is at least equal to ten times the length of 
a division on the squared paper used 

The scale of temperatures may conveniently be such that 
the angle between A^A^ and NiN^ is between 30° and 45° 

From the results obtained in Exercise II , making use of the 
observed rates of cooling in the two cases in which the differ- 
ences in temperature between the enclosure and calorimeter is 
least, determine, by the graphical method just described, the 
temperature of the enclosure, supposed not to be known Thus, 
in the above example, one would take the abscissae proportional 
to 29*6 and 21 7 and the ordinates in some convenient scale 
proportional to 158 and 56 The line drawn through the two 
points so determined, intersects the axis of temperatures at the 
point representing the temperature of the enclosure. Carry 
out the construction for your own experiments, record the 
value of Tq thus found, and compare it with that obtained by 
direct obsei vation. In order that Tq should be capable of being 
determined independently, it is clearly necessary that it should 
not vary during the course of the experiment This is the 
reason why in Exercise II the temperature of the enclosuie 
was adjusted so as to be approximately the same m each case 



SECTION XXV. 

COOLING COKRECTTON IN CALORIMETRIC 
MEASUREMENTS 

Apparatus required : Calorimeter with water jacket, ther- 
mometer graduated in tenths of degrees, india-rubber and heater. 

This exercise is an application of the pimciples explained 
in the exercise on the Laws of Cooling/' to the determination 
of the specific heat of india-rubber India-rubber is a bad 
conductor of heat and gives up its heat to the calorimeter 
slowly, in consequence the time occupied is considerable and 
the correction for cooling is of special importance 

The object of the exercise is not so much to obtain an 
accurate value of the specific heat as to shew the method of 
reducing calorimetric observations 

Place the india-rubber in a heater, and raise it to about 
100® 0 This may be done with sufficient accuracy by placing 
it in boiling water for not less than a quarter of an hour. 

While the india-rubber takes up the proper temperature, 
weigh the calorimeter and fill it and the water jacket with 
water which has previously been standing in the room, so as to 
take up its temperature — tap water is generally much colder. 
Weigh the calorimeter again to determine the quantity of 
water m it 

Place the calorimeter with the thermometer in it m its 
water jacket, and leave it for two or three minutes before 
taking any observations In the meantime prepare your note- 
book by drawing vertical lines to allow for five vertical columns. 
The first column is for the time at which an observation is 
taken, the second is for the temperature observed. 
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The experiment is divided into three stages, during which 
observations of temperature are taken every half minute 

1. The first or initial period, before the introduction of the 
india-rubber into the calorimeter This should last six 
minutes, and should only be begun when the change 
of temperature is steady and small Observations are 
taken at half-minute intervals during two minutes, 
then stopped during two minutes and resumed again. 

2 The second or principal period, in which the india-rubber 

IS in the calorimeter. The thermometer will be found 
at first to rise, then to remain nearly steady, and then 
to fall When the fall has become uniform we arrive at: 

3 The third or final period, of six minutes, during which 

the fall IS steady. Observations are taken as m the 
first period. 

About 20 seconds after the last reading of the first period, 
the mdia-iubber is removed from the boiling water, the adhering 
water shaken off, and at the half minute the rubber is lowered 
into the calorimeter 

During the ten seconds that the mdia-rubber is exposed to 
the air the water on its surface evaporates, and is not carried 
into the calorimeter. 

In an accurate measurement of specific heat this would 
not be a permissible process, as the parts of the india-rubber 
exposed to the air are cooled by evaporation of the water and 
by conduction to the air The substance would have to be 
heated in an air chamber kept at 100® C by being surrounded 
by steam, and be suddenly dropped into the calorimeter 

When the india-rubber has been placed in the calorimeter, 
the thermometer is observed at the next half minute and each 
succeeding half minute The first few temperature observations 
will only be approximate, as the temperature will be using 
quickly 

Observation of temperature should be made till it has ceased 
to rise and has fallen at a constant rate for six mmutes 

In order to reduce the observations and calculate the specific 
heat, deduce from the observations taken dunng the first and 
third penods the rates of cooling or heating at the mean 
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temperatures of the two periods, and determine graphically, as 
explained in the previous section, the rate of cooling corre- 
sponding to any temperature of the calorimeter* 

Enter in the third column of the note-book the mean 
temperature of the calorimeter during each interval of time 
throughout the experiment Determine from the construction, 
and put down in the fourth column, the diminution of tempe- 
rature owing to the loss of heat during each interval In the 
fifth column tabulate the total loss in temperature up to each 
time given in the first column An inspection of the table below 
will shew how this column is obtained In the example given 
the loss was 005 to the end of the first interval, and during the 
second interval the loss was 009 , the total loss up to the end 
of the second interval was therefore *014, and if to this is added 
the loss during the third interval we obtain 025 and so on 
The last column, which gives the temperature which the 
calorimeter would have shewn if there had been no loss of heat 
due to radiation and conduction to the air, is obtained by adding 
the numbers in the fifth column to those in the second 

It will be seen that the temperatures given in this column 
rise at first quickly, then slowly, and during the last period 
remain sensibly constant The mean corrected temperature 
during that period would therefore have been 22® 54 if there 
bad been no loss of heat. 


First Period 18 March, 1899. 
Temper ature slowly falling 


Time 

Temp 

Time 

Temp 

Cooling 

11^00 0“^ 

19^^ C9 

llh 4 om 

19° 67 

02 

05 

•69 

46 

67 

•02 

10 

69 

60 

66 

03 

16 

•68 

65 

66 

02 

20 

•67 

60 

66 

01 

Means 

19° 684 


19® 664 

020 


^ If the water equivalent w of the body placed m the oalonmeter bears 
a large proportion to that of the oalonmeter and contents Fj, and IT, is the 
observed rate of loss of temperature in the hrst period, the quantity usea in the 
graphical determination of the rate of loss at any temperature should be 

^ 1 * 
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The mean of 19*684 and 19 664 

gives the 



Temperature at 11** 3“ 

= 19° 

674 



Cooling in 

4 mine = 020 




>> 

i „ = 0026 




» 


= 0° 

018 



Temperature at 11** 6“ 5] 

L — IQ® 




when rubber introduced] 


000. 




Second Period ♦ 





Average temp 

Cooling 





during 

in 


Corrected 


Temp. 

Interval 

Interval 

Total loss 

temp 

11 h 07 0m 

20 86" C 

20 26 

005 

005 

20 86 

07 5 

21 30 

21 08 

009 

014 

21 31 

08 0 

21 60 

2145 

on 

025 

21 62 

08 5 

21 77 

21 68 

012 

037 

21 81 

09 0 

21 90 

21 84 

013 

050 

21 95 

09 6 

22 01 

21 96 

014 

064 

22 07 

10 0 

22 08 

22 04 

014 

078 

22 16 

10 5 

22 17 

22 12 

014 

092 

22 26 

no 

22 20 

22 18 

015 

107 

22 31 

115 

22 23 

22 22 

015 

122 

22 35 

12 0 

22 26 

22 24 

015 

137 

22 40 

12 6 

22 28 

22 27 

015 

162 

22 43 

130 

22 30 

22 29 

015 

167 

22 47 

13 6 

22 31 

22 30 

015 

•182 

22 49 

14 0 

22 32 

22 32 

016 

198 

22 52 

14 6 

22 32 

22 32 

016 

214 

22 53 

15 0 

22 31 

22 32 

016 

230 

22 54 



Third Period * 




Tempeiature falling steadily 





Average Cooling in 


Corrected 


Temp 

temp Interval 

Total loss 

temp 

11 h 16 5 m 

22 30" C 

22 31 

015 

245 

22 54 

16 0 

22 28 

22 29 

015 

260 

22 54 

16 6 

22 27 

22 28 

•015 

•275 

22 54 

17 0 

22 26 

22 26 

015 

290 

22 55 

175 

22 24 

22 26 

015 

305 

22 54 

18 0 

22 22 

22 23 

016 

•320 

22 54 

18 5 

22 20 , 

22 21 

015 

335 

22 64 

19 0 

22 20 

22 20 

016 

360 

22 55 

19 6 

22 19 

22 20 

•016 

•365 

22 56 

20 0 

22 17 

22 18 

•016 

380 

22 54 

20 5 

22 15 

22 16 

•015 

396 

22 66 

21 0 

22 13 

22 14 

014 

409 

22 54 

215 

22 11 

22 12 

•014 

423 

22 54 


Mean dunng last penod 22 544 
Initial temperature 19 656 

Rise of temperature ... 2 888 

* See Note at the end of the Section. 


8 P. 


9 
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Calculation of Rate of Cooling during third period. 


22 30 

-22 19 = 

11 

22 28 

-22 17 - 

11 

22 27 

- 22 16 = 

12 

22 26 

-22 13 = 

13 

22 24 

-22 11 = 

13 


Mean = 

120 


Hence cooling in 4 minutes = 0” 120 
,, ^ ,, sss 0 015 

This cooling corresponds to a mean temperatuie of 22® 2 
which IS obtained with sufiScienb accuracy from the tempeiature 
observed at the middle of the third period 

In an accurate determination of specific heats we are able 
to measure a use in temperature of a few degrees to about one 
part in a thousand, although the observations have only been 
taken to the hundredth part of a degree. The increased ac- 
curacy is obtained by making use m the initial and final stage 
of a number of observations and taking the mean In the 
present instance, the initial temperature of the india-rubber, 
owing to its tieatment, must be doubtful to one degree, and 
the last figure need not be taken into account in the final 
calculations, although it should be worked out as in the 
example given for the sake of practice. 

Knowing the masses of india-rubber and water, and the 
watei equivalents of the thermometer and calorimeter*, the 
specific heat of india-rubbei can now be calculated 
The final results are entered as follows 
Mass of india-rubber == 12 64 grams. 


„ calorimeter 

= 28 14 „ 

„ „ and water 

Mass of water 

= 158 9 „ 

= 127 8 „ 

Calorimeter and thermometer equivalents . 

= 32 „ 

Total water equivalent 

= 131 0 „ 

Initial temperature of india-rubber 

= 100“ C 

Final „ „ ,, 

= 22° 5 

Fall in temperature „ „ 

= 77° 6 

Rise of temperature of water 

= 2° 89 

Hence specific heat of india-rubber 

= 0 387 


* The water equivalent of the calorimeter is the product of its mass into its 
specific heat 

The water equivalent of that part of the thermometer immersed in the 
calorimeter may be calculated from the volume immersed, since the heat 
capacities per unit volume of mercury and glass are nearly equal, i.e. 45. 
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Draw curves (Fig 50) shewing the observed changes of tem- 
perature, and the temperature curve after correcting for cooling. 



Fig 50. 


The circumstances under which the loss of heat has been 
determined during the first and third periods are not strictly 
the same At first the india-rubber was not immersed, and 
therefore the water equivalent of calorimeter and contents was 
different, and also the level of the water in the calorimeter 
changes These introduce errors in the cooling correction, which 
are however very small when the change of tempeiatuie during 
the first peiiod is small. 

Note. When unnecessary decimals are discarded, it is an elementary 
rule to increase the last remaining figure by one, when the first discarded 
figure IS higher than five or five followed by other figures But when only 
one figure is rejected, that figure being five, some doubt may arise as to 
whether to leave the last figure as it stands or to increase it by one We 
should commit a systematic error, if in the last column of the table on 
page 129, we were uniformly to take either the higher or the lower estimate. 
An excellent rule, adopted in the United States and deserving to come into 
general use, is always to leave the last figure an even number Thus 25 35 
and 30 65 should be shortened into 26 4 and 30 6 
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SECTION XXVL 


SPECIFIC HEAT OF QUARTZ. 

Apparatus required : Calorimeter with water jacket, 
thermometer graduated in tenths of degrees, piece of quartz, 
steam-jacket heater 

If the specific heat of a substance is to be determined 
accurately, the method of heating adopted in the previous 
exercise should not be used, since it leads to a cooling of the 
heated body, and an uncertain amount of hot water being carried 
over it into the calorimeter. 

The body to be heated is suspended by a thread in an air 
chamber warmed by steam or hot water, and allowed to remain 
till the reading of a thermometer placed m the chamber along- 
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side the body has been constant sufficiently long to secure 
uniformity of temperature throughout the heated body. 

Fasten about 50 cms of thread to the piece of quartz 
provided, and suspend the quartz in the centre of a steam- 
jacket heater (Fig 51). 

Measure the diameter of the thermometer, and the length 
of its bulb and of that part of its stem which is immersed in 
the water of the calorimeter, hence calculate the volume to 
about *5 c c Assuming it to be all mercury, calculate the water 
equivalent As the heat capacities of equal volumes of glass 
and mercury are not greatly different, the equivalent of a 
thermometer may often be calculated in this way with sufficient 
accuracy. (See note p 130 ) 

While the substance is heating fill the calorimeter about 
two-thirds full of water at the temperature of the room, the 
quantity of water used being found by weighing the calorimeter 
before and after filling When the thermometer in the heater 
has been steady for 15 minutes, commence taking observations 
of temperature of the calorimeter for the “First period,*' as 
descnbed in the previous section 

At the end of this period place the calorimeter and jacket 
under the heater and let down the quartz into the calonmeter 
as quickly as possible 

Replace the calorimeter in its original position, take obser- 
vations dunng the “Second” and “Third” periods, and thence 
calculate the specific heat of quartz as in the previous section 

Calculate the specific heat also by the followmg approximate 
method determine the rates of change of temperature pei 
interval of time during the first and third penods, and thence 
deduce the rate of loss at that temperature which is the mean 
of the temperature at the commencement of the second period, 
and the mamrmim temperature attained 

Multiply this rate of loss by the number of intervals between 
the commencement of the second period and the time at which 
the maximum temperature is attained, and add the product 
to the maximum temperature This will, if the time is short, 
is if the substance gives up its heat rapidly to the water of 
the calorimeter, be approximately the temperature which the 
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calorimeter would have attained if there had been no loss of 
heat 

Record the observations and calculations as in the previous 
section, and the additional calculation as follows . 


10 Nov. 1898 


Rate of cooling during first period = 0® 01 per half minute. 
Temp, on dropping quartz in ... = 19® 72 C 

Maximum temp attained . = 22® 99 


Interval between dropping quartz) 
and max temp . ) 


= 8 half minutes. 


Rate of cooling during third period = 0® 025 per half mm 
Mean rate of cooling . = 0° 0175 per half mm. 

Loss of temp . = 0175 x 3 = 0® 052 

Corrected maximum temp . . = 28° 04 

Rise of temp . . = 3° 82 

Water heated + water equivalents =181 grams 
.* Heat absorbed by water . =601 gram-degrees. 

Initial temp of quartz . = 99° 8 

Final „ „ . ... =23° 0 


Decrease of temp . = 76° 8 

Weight of quartz . . = 41 2 grams. 

601 

Specific heat of quartz = ^ ^ ~ 


Repeat the experiment, using a little more water in the 
calonmeter. If the two results obtained are concordant take 
the mean as the final result 

It IS instructive to compare the results obtained by this 
approximate method of treating the cooling with the more 
accurate one given in the last section It will be found that 
even m the case of a substance taking up the temperature as 
quickly as quartz the difference is appreciable 



SECTION XXVIL 

LATENT HEAT OF WATER. 


Apparatus required : Calorimeter, thermometer grad%iated 
%n tenths of degrees, piece of ice 

The latent heat of water, i e the heat absorbed when 1 gram 
of ice melts, may be detei mined by adding ice at 0°C to 
sufficient water to melt the ice completely, and detei mining the 
decrease of temperature of the water. 

Weigh the calorimeter provided, place in it about ITOgiams 
of water at about 18° C , and weigh again 

Select a piece of ice weighing about 10 grams 
Place in the water a thermometei giaduated to tenths of 
degrees, and observe the temperature of the water eveiy half 
minute for 6 minutes (“Fust period 0 as explained in Section 
XXV. 

Dry the surface of the ice thoroughly with blotting paper, 
and at the end of the next half minute diop it into the water 
of the calorimeter By means of the stirrer keep the ice under 
water and the water stined. Take half-minute observations of 
temperature till it reaches a minimum and then commences to 
use — ‘'Second period*' Continue observations of temperature 
for 6 minutes after the rise has become uniform, these obser- 
vations constituting the ‘‘Third period" 

From the observations taken in the first and third periods 
plot the curve from which the cooling at any temperature can 
be found, and apply the correction for cooling (or in this case 
heating) as described m Section XXV 

Weigh the calorimeter to determme the amount of ice 
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which has been added, and from your observations determine 
the latent heat of water 

Work out from elementary pnnciples the formula applicable 
in this case and record the observations and calculations as in 
Sect. XXV, and the additional calculations as follows : 

10 January, 1899 

Initial temperature of caloiimeter .. - 18° 48 C. 

Final corrected „ „ ... 14° 24 

Fall of temperature = 4° 24 

Weight of calorimeter and stirrei .. ■= 69 11 grams. 

„ cal. + water . = 230 01 „ 

„ water ... . ... =170 90 „ 

„ cal 4- water + ice . = 238 25 „ 

. „ ice added ... =- 8 24 „ 

Water equivalent of calorimeter , . = 5*3 „ 

„ „ thermometer •• = 5 „ 

Total water equivalent .. = 176 7 „ 

. • . Latent heat = - 14 24 = 791. 

Repeat the experiment, using a little more ice, and if the 
two results are nearly alike take the mean as the final result. 



SECTION XXVIII. 


LATENT HEAT OF STEAM 

Apparatus required : Calorimeter, condenser, thermometer 
graduated in tenths of degrees, flask, stand and burner. 

The latent heat of steam, i e the heat necessary to convert 
water at 100® 0. into steam at the same temperature, may be 
determined by condensing a known weight of steam and 
observing the heat given up during the process to the liquid 
of the calorimeter, generally water, kept always below 100® C 
The condensation takes place more regularly if the steam is 
allowed to condense in a separate vessel and not m the water of 
the calorimeter itself. 



Weigh the calorimeter stirrer and condenser (Fig. 52) 
provided, first empty, then remove the condenser, weigh it to 
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01 gram, replace, fill the calorimeter to within about 2 cms of 
the top with water at the temperature of the room, and 
again weigh 

Arrange the vessel m which the steam is to be geneiated, 
the delivery tube and the calorimeter as shewn in Fig 53 

When this has been done, disconnect the tube from the 
condenser and place a burner under the boiler, regulating the 
height of the flame so that the water boils gently, the steam 
being allowed to escape from the end of the tube 

Observe the temperature of the water in the calorimeter for 
6 mmutes — the “First period*' of previous sections Then 
replace the calorimeter, and insert the delivery tube into the 
head of the condenser tube so that the steam passes into the 
condenser and is condensed there Keep the water well stirred, 
and observe the temperature every half minute, “Second period,’* 
till It has been raised about 10'’ C , then remove the delivery 
tube from the condenser 

Continue observations of temperature till the change of 
temperature has been uniform for 6 minutes, “ Third period.” 

Weigh the calorimeter and contents, and for greater accuracy 
remove the condenser with its contents of condensed water 
from the calorimeter, dry its outer surface and weigh it again 
to ’01 gram 

Determine the cooling during the first and third periods 
and by means of the values found correct the observed 
temperature throughout the experiment for cooling, and find 
the latent heat of steam at the boiling point corresponding to 
the atmospheric pressure at the time 

Work out the necessary equation and record as follows : 


7 December, 1899. 


Barometer 75 3 cms 


Boiling point of water == 100° — 37 x *7 

= 99* 74 

Mass of calonmeter, stirrer and condenser . 

= 91’82 grms. 

Mass of condenser . ... 

= 3202 

Mass of calorimeter, stirrer, condenser and) 

= 223 24 „ 

water . .. ... ...J 


/. mass of water 

= 131 42 „ 
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Water equivalent of calonmeter, stirrer, con- 


denser and thermometer 


. total water equivalent 
Initial temperatui e . . 

Final temperature corrected according to 
method of Section XXIV. 


Else in temperature . . 

Final weight of water, calorimeter, etc. 

„ „ „ condenser 

Weight of steam condensed 


Latent heat of steam = 


17 36x140 2 
411 


- 676 = 


8 8 grms. 

140 2 „ 

14"76C 

32° 12 
17° 36 

227 34 grms 
36 13 


532 


Repeat the experiment, using a different quantity of water 
in the calonmeter, and if the two results are nearly alike take 
the mean as the final value 

Experiments on latent heat of vaporisation are liable to a 
number of errors owing to the difficulty of taking account of 
the gam and loss of heat at the point where the steam is led 
into the apparatus. Hence the results obtained when the 
experiments are made on a small scale are very uncertain 
The above represents an average determination with the 
apparatus used 



SECTION XXIX. 


HEAT OF SOLUTION OF A SALT. 

Apparatus required : Small calorimeter with suspending 
hook, largei calorimeters, thermometers, and salts. 

If p grams of a salt, the molecular weight of which is m, be 
dissolved in P grams of a solvent of molecular weight M, the 
solution formed has p/m gram molecules of the salt to P/M 
gram molecules of the solvent, or 1 gram molecule of the salt to 
every n = Pm/pM gram molecule of the solvent 

If the specific heat of the solution formed be c, and if 
during the process the temperature of the solution decreases 
from ^0 to t, the quantity of heat absorbed by the solution of 
the salt is 

{(P + p)c + w} («.-«}, 

where w is the water equivalent of the calorimeter and thermo- 
meter. The quantity 

? p 

IS the heat of solution of 1 gram of the salt, and the quantity 

p 

IS the heat of solution of 1 gram molecule of the salt, and is 
called the “ molecular heat of solution ” 

The molecular heat of solution of a salt is nearly constant 
for weak solutions, but diminishes as a rule as the strength of 
the solution increases. 

Determine the molecular heats of solution of Sodium 
Chloride and of Ammonium Chloride in water and their 
variations with concentration by mixing 
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20 grams NaCl (m = 58 5) in 98 5 grams water (M = 18), r? = 16 


16 

147 7 

i) )} )» » * » 

» 

>y 

CO 

II 

5 

147 7 

fi )> » » * >» 

» 

f) 

71 = 96 

15 

„ NH 4 Cl(m = 53 6)in 101 



71 = 20 

10 

» }) }f » I5I » 

» 


n = 45 

5 

)) jj » » 1^1 ff 


» 

71 = 90 


The specific heats of the solutions may be taken as '84, 92, 97, 
*87, *93 and *96 respectively. 

Proceed as follows 

Place the requisite quantity of water at about 1 8° 5 C m a 
calorimeter surrounded by an air space and water-jacket at the 
temperature of the room 

Weigh the salt, put it into one of the small calorimeters, 
and suspend it by means of its hook in the water of the large 
calorimeter Place a thermometer graduated to tenths of a 
degree in the water After about 10 minutes take observa- 
tions of temperature for 6 minutes. If the change of tempera- 
ture IS regular, unhook the small calonmeter and upset it in 
the water so that the salt and water come into contact with 
each other Stir the mixture well and observe the temperature 
every half mmute till the change has been regular for at least 
6 minutes 

The solutions should not be left in the calorimeters. 

Fiom your observations recorded as on p. 129 make the 
propel corrections for cooling, and determine the molecular 
heat of solution in each case. 

Tabulate your results as follows, — and draw curves with n 
as abscissae, Q as ordinates, for each salt. 


Salt 

P 

P 

Molecules H«0 
to 1 of salt 

s=n 

B 

t 

obseryed 

t 

corrected 

a 

Q 

NaOl 

20 

98 5 

16 


16® 14 

16 05 

11 4 

660 


15 

147 7 

32 

&o 



16-6 

920 


5 

147 7 

96 




18 3 


NH 4 OI 

15 

101 

20 

21 ® 82 

13® 21 

13 01 




10 

161 

45 

<&c 



74 3 


»» 

5 

151 

90 




74 9 

ISmI 








SECTION XXX. 


THE MECHANICAL EQUIVALENT OF HEAT OR 
SPECIFIC HEAT OF WATER IN WORK UNITS 


Apparatus required: Pulufs friction cones with rotating 
pulley y weight or jar of water and floaty thei mometer. 

When a gram degree of heat, le. the heat necessary to raise 
1 giam ot water at 15® 0. to 16® 0, is generated by the per- 
formance of mechanical work, the work done is called the 
mechanical equivalent of heat, or the specific heat of water m 
work units (ergs per degree) 

To determine this quantity, the work may be done m a 
variety of ways, the one adopted in what follows depends on 



one solid being made to slide along another against friction. 
In order that the sliding motion may be continuous the solids 
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are circular, one, a small hollow cone of steel, fits into another 
similar cone slightly laiger. The lowei outer cone is held in, but 
thermally insulated from, a frame which can be set m rapid rota- 
tion about a vertical axis coincident with that of the cone The 
smaller cone is filled with mercury and is placed m the rotating 
cone, but is prevented from rotating by a light wooden aim 
To one end of this arm a thread is attached which passes over a 
pulley and cariies a weight or a float placed in a jar of watei 
The moment of the couple which the tension in the thread 
exerts on the inner cone is ecpial and opposite to that which the 
rotating outei cone exeits on the innei cone. The work done 
by the frictional couple in any interval of time is equal to this 
moment multiplied by the angle through which the outer cone has 
in the interval been rotated with respect to the inner cone. To 
determine this angle the appaiatus is provided with two dial 
wheels which register the number of revolutions of the outer cone. 
The angle of rotation is 27r times the number of revolutions 
The tension m the thread is equal to the weight it supports 
or to the effective weight of the float, which is numerically 
equal to ^ x volume of float pulled out of the water. 

Take the two cones out of the supporting frame, see that 
their surfaces are clean and weigh them together. Weigh the 
screws by which the wooden pointer is attached to the inner 
cone Fill the inner cone to within 3 mms of the top with 
clean mercury and weigh again to get the weight of mercury 
Taking the specific heat of the steel of the cones to be 119, 
that of mercury to be 033 and that of brass 09, calculate the 
water equivalent of the cones and contents 

Replace the outer cone in the supporting frame, taking care 
that it does not touch any of the metal of the frame. By 
means of the adjusting screws at the sides of the frame, centre 
the cone accurately so that it revolves about its own axis 
Attach the wooden pointer to the inner cone and place the 
cone m the outer as m the figure. Adjust the position of the 
float cylinder and the length of the thread so that when the 
cone spindle is rotated at a convenient speed the thread and 
the wooden rod to which it is attached are perpendicular to 
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each other. See that readings of the surface of the water can 
be taken on the graduated scale of the float, both when it is 
raised by the tension of the thread, and when the thread is 
quite slack. The difference between the two readings should 
be 6 to 10 cms This can be secured by using a little petroleum 
as lubricant between the cones if the difference is too great, 
and a little vaseline if it is too small. Take the reading of the 
float when the tension in the thread is zero. Read the two 
dials attached to the rotating apparatus, and measure the length 
of the wooden rod from the centre of the cones to the point of 
attachment of the thread. 

Measure the diameter and length of the bulb of the thermo- 
meter and calculate its water equivalent. Hang the thermometer 
on the movable arm attached to the stand and lower the bulb 
into the inner cone till it is below the level of the mercuiy 

Take observations of temperature every half minute for 
3 minutes, then wait 3 mmutes and take observations from 
3 more minutes At the end of this interval commence 
to rotate the hand wheel steadily, continuing to observe the 
temperature every half minute. At the middle of each half 
minute take a reading of the surface of the water on the float 
Contmue the rotation till the temperature has risen about 5°C 
Then stop the rotation, read the temperature till the change 
has been regular for 3 minutes, wait 3 minutes, and lead again 
for 3 mmutes. Read the dials and the float 

Remove the float from the water and determine its cross- 
section at 3 or 4 points, between where the readings have been 
taken Take the mean of these determinations Take also 
the mean of the readings of the float in the raised position, 
and subtract from it the mean reading for no tension The 
product of this difference into the mean cross-section of the 
float IS the mean tension in gravitation measure. Multiply 
this by 27 r times the number of revolutions and by the length 
of the wooden arm and by g, and the product is the work done 
durmg the rotation in ergs. 

Apply the correction for cooling to the temperature readings 
as m Section XXV. and determine the corrected rise of tem- 
perature. The product of this by the water equivalent of cones 
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and contents is the heat generated in gram-degrees, i.e in terms 
of the unit of heat to which the specific heats used have been 
referred 

The quotient of the number of ergs of work done, by the 
number of gram-degrees of heat generated, is the number of 
ergs woik required to generate heat sufficient to raise 1 gram 
of water 1° C 

Arrange your observations and results as follows : — 

10 June, 1899 


Weight of steel cones ... = 84 4 grams. 

„ „ and mercury = 233 6 „ 

„ mercury ... . =149 2 

Water equivalent of cones .. 84*4 x 116 = 9 76 

„ „ mercury 149 2x 033 = 4 97 

„ „ thermometer , . = 10 

Total water equivalent of cones and contents . = 14 93 

Reading on stem of float without tension = 6 52 cms. 

Readings during rotation — 

19*70, 19 60, 19*55 &c., mean = 19 52 „ 

Mean rise of float . ... .. = 13 0 „ 

Initial reading of counter . ... =105 

Final „ „ ... .. .. -= 666 

No. of revolutions . . . ... ... = 561 

Angle turned through 27r x 561 = 3532 radians. 

Length of arm of lever . . = 25 7 cms 

Diameter of float stem = 2 02, 2 01, 2 00, 1 98, 1 99 
Mean cioss section . . . = 3 14 sq. cm. 

. . Work done = 25*7 x 13 x 3 14 x 3532 x 981 = 363 x 10^ ergs 

Teivperature at end of first period 15°*00 C 

Mean temperature at end of third period) 
after correcting for cooling J 

Rise of temperature . ... 5° 76 

Heat generated = 14 93 x 5 75 = 85 8 gram-degrees. 

363 X 10^ 

Mechanical equivalent = ^- 7 ^ — = 42 3 x 10* ergs per degree 

Repeat the experiment, and if the two results are nearly 
alike take the mean as the final value. 


20'’ 75 


B P. 


10 



BOOK IV. 

SOUND. 


SECTION XXXL 

FREQUENCY OF A TUNING FORK BY THE SYREN. 

Apparatus required : Tumng-foi k, how^ singing flame, 
syren and blowing apparatus 

To enable the comparison of a fork and a syi en to be made 
more conveniently than it can be done directly, it is usual to 
tune a singing flame to the fork by adjusting the length and 
position of the resonating tube over the flame, and then to tune 
the syren to the flame 

Calculate the length of an open pipe which will act as a 
resonator to the fork, the vibration fiequency of which is 
supposed to be known roughly Take a glass tube of rather 
less length, and loll a piece of paper round one end so that the 
effective length of the tube may be altered by sliding the paper 
tube along Place the tube above a small gas flame produced 
by gas issuing from a minute hole at the end of a conical glass 
tube 

Bring down the pipe on to the flame, and adjust till the 
flame '‘sings”, then vary the position of the paper tube till 
the note emitted by the pipe produces no beats with the note 
of the fork (Fig. 66). 
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Place the syren on the blowing apparatus, start the appa- 
ratus and increase the rate of blowing till the note emitted by 
the syren produces no beats with the pipe. 



Fig 65. 


Maintain the rate of blowing, and at a given instant take i 
reading of the positions of the fingers on the dials indicating 
revolutions of the spindle of the syren. 

At the end of a minute again take readings Subtract the 
readings to get the number of revolutions in the interval, count 
the number of holes iii the disc of the syren, find the product 
and divide by 60, the result is the frequency of the note of the 
syren, and hence of the pipe, and fork 
Tabulate your results as follows : 

10 November, 1898 
Fork “A” marked 256 

Open pipe to act as resonator = 34000/512 == 66 cms. 

Reading on syren dials at beginning of minute 300, 220, 410 

„ end „ 910, 835, 1020 

Differences 610, 615, 610 
Mean 612 

No. of holes in disc of syren = 26 
Frequency of fork ... = 256 

10—2 




SECTION XXXII. 

VELOCITY OF SOUND IN AIR AND OTHER BODIES 
BY KUNDT’S METHOD. 

Apparatus required : Kundt’s apparatus, rods and rubber 

Kundt’s apparatus consists of a glass tube of about 200 cms 
length and 5 cms diameter into one end of which a rod of wood, 
metal or glass projects (Fig 56). 



Fig 66. 


The rod is securely clamped to the table at its middle point, 
and can be set into vibration parallel to its length by stroking 
it, if wood with a piece of cloth on to which a little resin has 
been rubbed, if metal with a leather rubber similarly treated, 
or if glass with a damp cloth The end which projects into the 
tube IS provided with a cardboard disc which has a diameter a 
httle less than that of the inside of the tube 

The tube contains a little lycopodium powder or finely 
divided cork and the further end is stopped by a movable 
plug. It 18 important that both tube and powder should be 
quite dry 

When the rod is set into logitudinal vibrations, the disc on 
the end m the tube sets the air m the tube m vibration and 
the powder is earned along with the air If the tube is long 
enough, there are certain parts of it where the air is not m 
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motion along the tube, and at these parts the lycopodium or 
silica remains in heaps undisturbed. 

These heaps therefore indicate the positions of the nodes of 
the vibratmg column of air, and twice the distance between 
consecutive heaps is the wave length of the vibration in the 
gas with which the tube is filled — m this instance air 

Since the rod is clamped at its centre, this point will be 
a node in the rod, and the two ends will be the centres of 
vibrating segments, so that the wave length of the vibration m 
the rod is twice the length of the rod. 

Since the frequencies of the rod and of the gas in the tube 
are identical, the ratio of the distance between the two heaps of 
lycopodium or silica to the length of the rod, is the ratio of the 
velocities of sound in the gas and in the material of the rod. 

Determine by this method the velocity of sound in brass 
and in glass, given the velocity of sound in air, and compare 
the velocities of sound in air and in coal gas. 

Clean and dry the tube provided, and scatter in it a small 
quantity of finely divided silica Clamp the brass tube at the 
middle point to the support, and clamp the support to the 
table. Slide the tube over the rod and support it on blocks so 
that the cardboard disc at the end of the rod can move in the 
tube freely. Tap the tube sharply so that the silica collects in 
a line along the tube Botate the tube about its axis through 
a few degrees, so that the line of silica is not at the lowest 
point of the tube. Bub the rod lengthwise with a piece of 
leather on which resin has been rubbed, watching the line of 
silica during the process If no motion is perceived, move the 
plug at the further end of the tube a centimetre and repeat 
Contmue till a position of the plug is found for which, when the 
the rod is rubbed, some of the silica is blown along the tube 
and falls to the lowest point in a number of heaps. Move the 
plug by millimetres at a time till this action appears most 
energetic, and when the heaps are distinct and nearly touch 
each other, count their number and observe on the scale under 
the tube, the positions of three consecutive spaces between the 
heaps at each end of the tube Take the mean of the first 
three and the mean of the last three, subtract and divide by 
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the number of heaps between the mean readings, % e, find the 
distance between consecutive heaps. Observe the temperature 
of the air in the neighbourhood of the tube, and measure the 
length of the brass rod. Substitute for the brass rod one of 
glass, and repeat the experiment, then one of wood and again 
repeat 

Record as follows : 

21 January, 1897. 

Brass tube 129 5 cms long 

Readings of centres of intervals between heaps of silica * 

30 00 cms 91 50 cms 

42 30 103 80 

54 70 116 20 

Means 42 33 103 83 

Difference == 61 50 cms for 5 intervals 
Distance of heaps apart = 12 30 cms 

Temp of air = 18° C 

Velocity of sound in brass / velocity of sound in air 
== 129 5/12*3 = 10 63 

Velocity of sound in air at 18° C = 341 metres per second. 

. velocity of sound in brass = 3590 metres per second 

Similarly for the other rods 

By fitting corks to the ends of the tube and filling it with 
some other gas, the velocity of sound in that gas may be 
compared with the velocity m air One of the corks should be 
attached to the clamp suppoiting the vibrating rod. 



SECTION XXXIIL 

STUDY OF VIBRATIONS OF TUNING FORKS BY 
MEANS OF LISSx\JOUS' FIGURES 


Apparatus required: Two large timing forks, one the 
octave of the other, vibnition micioscope or lens and diop of 
mei carg 

When a tuning foik is set into vibration by one of the 
prongs being displaced liom its normal position with lospect to 
the other, both prongs aie set into oscillation by the elastic 
forces which resist deiorination of the fork These forces depend 
mainly on the cross section of the prongs near their roots, while 
the masses which most influence the movement are those neai 
the ends of the prongs The influence on the frequency of a 
fork of a small mass added to a prong near one end, may be 
readily studied by the help of Lissajous’ figures ” 

Arrange the two laige tuning forks provided, so that the 
directions of vibiation of the prongs are horizontal and veitical 
respectively To the end of one prong of the fork vibrating 
vertically, attach a small microscope or lens of 2 or 3 cms focus, 
and to the other prong a small weight to countei balance the 
lens. When this weight is in its proper position the vibrations 
of the fork continue longest tor a given blow. Place the second 
fork in such a position that the outer end of one prong is seen 
thiough the lens distinctly (Fig. 57) Rub a little giease on 
the end surface of the prong, and rub a drop of mercury into 
the grease with the finger The drop will break up into a 
number of smaller drops which will adhere to the surface. 
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Move the fork till one of the drops is seen distinctly through 
the lens. Strike the piongs of the two forks with a rubber 
stopper in the hole of which a short wooden rod has been 
inserted to serve as a handle. On looking thiough the lens at 



the bead of mercury, a bright looped line is seen which changes 
its shape moie or less quickly according to the lelative frequencies 
of the two forks The time which the cuive takes to go through 
a cycle of changes should be approximately noted The adjust- 
able weights on the prongs of one of the forks should then each 
be moved slightly, say towards the ends of the prongs, and the 
observation of the time of a cycle repeated. If it is greater 
than the previous time, the sliding weights should again be 
moved m the same direction, if less, in the opposite, till the 
time the curve takes to go through its changes of form is too 
long for the vibrations to be maintained throughout it. The 
two folks may then be considered in unison. Measure the 
distances of the weights from the ends of the prongs, move 
them both 1 mm. and observe the effect on the time the curve 
takes to go through its changes of form. Repeat the displace- 
ment of the weights till as many observations as possible have 
been taken on each side of the position for unison. 
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Tabulate the observations as follows : 


Distance of weights from 
ends of prongs 

Displacement 

Time for gam 
of 1 vibration, 
seconds 

Vibrations 
gained per 
second 

Upper 

Lower 

6 7 cms 

6 8 cms. 

0 cm. 

Unison 

0 

66 

67 

•1 

10 4 

096 

65 

66 

2 

84 

•120 

64 

65 

3 

68 

147 

63 

64 

4 

5 0 

•200 

62 

6*3 

•5 

40 

•25 

6-1 

62 

•6 

3 48 

•29 

60 

6 1 

7 

2 92 

•34 

67 

68 

0 

Unison 

0 

68 

69 

•1 

10 0 

•10 

69 

70 

•2 

86 


70 

7 1 

•3 

72 


7 1 

&o. 




72 





7*3 











Draw a curve taking distance of the weights fropa the 
position of unison as abscissas and the vibrations gained per 
second as ordinates (Fig 58). 


Gam 




BOOK V. 

LIGHT. 


SECTION XXXIV. 

MEASUREMENT OF ANGLES BY THE OPTICAL 
METHOD. 

If a body undergoes an angular displacement we may 
measure the displacement by reflecting a ray of light from a 
mirror attached to the body If the plane of the mirror is 
parallel to the axis of rotation of the body, the reflected ray 
will turn through an angle which is double the angular dis- 
placement of the body. It is often found more convenient to 
measure the displacement of a ray of light 
reflected from such a minor attached to a 
the body than to measure directly the 
angle through which the mirror turns , al- 
though theoretically as great an accuracy 
may be obtamed by either method. 

In (Fig. 59) let XO be a ray of light ^ 
incident on the mirror LM ; let ON be the 
normal and OK the reflected ray, K being 
the point at which the reflected ray cuts a g 


line drawn through X at right angles to Fig 69. 

the incident ray If a is the angle between 

the incident ray and the normal, the angle XOK = 2a and 

KX = OX tan 2a (1). 
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If now the mirror turns through an angle 0 so that a + $ 
becomes the angle between XO and the normal, we shall have 

K'X=OXtsin2(a + 0) (2), 

where K' is the point at which the reflected ray cuts AB iii 
the new position of the mirror From the two equations 
(2) and (1) we can determine 0 


^ K'X ^ KX 
20 = arctan Cretan 


( 3 ) 


If the line AB is divided into equal divisions KX and KX 
can be read off directly and hence 0 calculated from (3) after 
OX has been measured 

In order to make this method of measuring angles a practical 
one, we must of course deal with a beam of light and not with 
a single ray, and in that case the position of K will be well 
defined on the scale only when the beam comes to a focus at 
that point In order to have the best definition the whole 
mirror should be filled with light, and hence the width of the 
beam at X must be twice the diameter of the mirror if it is plane 

Let in (Fig 60) AB he the divided scale, L a lens with 
cross wires at F which can be 
illuminated from behind, then 
if the distance of the cross 
wires from the lens is properly 
adjusted, a real image will be 
formed at a point K of the 
scale On the other hand if 
iT is a division of the scale 
sufficiently well illuminated, 
an image of K will appear at 
the point F This image may 
be magnified by an eyepiece, 
and the observer looking 
through what is now a tele- 
scope with objective at L and eyepiece at /S, will see the 
divisions of the scale move through the field of view as the 
mirror turns round The first method called ‘‘the objective 
method,’* in which the source of light is at F and the motion 
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of the image at K is observed, is now very commonly employed. 
The apparatus is compact and the readings can be taken more 
quickly though not so accurately as with the other method 
The objective method will be generally employed when, as in 
the case of a Wheatstone bndge, we do not wish to measure 
the deflections of a galvanometer mirror accurately, but only 
to make electrical adjustments until there is no deflection 
(null methods). It will also be employed when, as for instance 
in electrometer work, the unavoidable sources of error are so 
large that extreme accuracy m the reading of deflections would 
be waste of labour. 

The second or ‘'subjective method'* will generally be used 
when great accuracy is required ; but it is necessary, m order 
to secure this end, that the galvanometer mirrors should not 
be too small and that the whole scale of the dimensions should 
be increased. This of course might also be done with the 
objective method but other diflSculties would then arise The 
objective method requires that the scale should be properly 
shaded so that the spot of light may be easily seen, the 
subjective method requires that the scale should be properly 
illuminated so that its divisions should clearly appear in the 
telescope The former condition is more easily secured when 
the apparatus is of small, the latter when it is of large dimen- 
sions The large dimensions have the additional advantage 
that the observer works sitting at some distance from the 
instrument and hence irregular disturbances due to his moving 
about are often avoided. 

In order to secure accuracy, it is important to adjust the 
position of the scale, and to apply a few corrections to the final 
result We shall describe the adjustments for the case of in- 
struments in which the subjective method is used, as they are 
then of special importance and may more easily be earned out. 
The student will have no diflSculty in applying what is said to 
be the objective method. We shall assume the mirror to turn 
round a vertical axis. The plan of the arrangement is that 
shewn m Fig 60, but it is clear that the telescope must be 
placed so that its axis passes either above or below the scale. 
The scale, mirror and telescope will therefore all be at different 
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levels and the telescope must either point downwards or up- 
wards This introduces no error in the result as long as OX 
m Fig. 69 is taken to be the horizontal projection of the optical 
axis of the telescope, as will be seen by considering that the 
image of each vertical scale division will also be vertical If 
the telescope is therefore turned round a horizontal axis perpen- 
dicular to its length, the same division will always coincide 
with the cross wire, and though we may have to raise or lower 
the scale and mirror in a vertical plane in order that the image 
may appear in the field of view, no correction need be applied 
for want of horizontality of the optic axis If the diameter 
of the mirror is equal to half that of the telescope, we can only 
obtain the maximum amount of light if the optic axis cuts the 
centre of the mirror, and in any case it is best to secure this 
for leasons of symmetry The adjustment may be made by 
focussing the telescope on the mirror instead of on the image 
of the scale, moving it if necessary until the cross wires cut 
the rnirroi symmetrically , a little practice will however enable 
the observer 'to make the adjustment without altering the focus 
of the telescope, for its field of view is generally suflSciently 
large to see in addition to the scale a blurred image of the 
galvanometer parts immediately surrounding the muror If 
the clear image of the scale is seen in the centre of the field of 
view, the adjustment is sufficiently accurate. 

In the equations (1), (2) and (3) it is assumed that the scale 
stands at right angles to the horizontal projection of the optic 
axis, and this adjustment must be made to the necessary degree 
of accuracy This may easily be done, as the following investi- 
gation shews that the error intro- 
duced by a slight deviation from 
the correct position can readily be 
eliminated from the result 

Let the projection of the optic 
axis cut the scale at X (Fig 61) 
and the mirror at 0, also let A and 
B be points on the scale equidistant 
from Xy then if the scale is properly 
adjusted OA = OB. 

The scale occupymg the position 



Fig 61. 
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A'B'y let 7 be the angle BXB' and 0 be the angle between OX 
and OB 

The triangle OXB' gives 

B'X sin <f> sin cj) 

OX ~ / . tt . \ cos (7 - (f)) 

sin (^7+ 2 

or B'X = OX — - ( 4 ). 

COS 7 4- sin 7 tan <p 

The angle 7 is supposed to be so small that its cube may be 
neglected compared to unity, and cf) being also small we shall 
neglect the higher powers of 7 tan 0, the result will shew when 
these simplifications may safely be made If then we put 
cos 7=1— ^7^, sin 7 = 7, 
equation ( 4 ) becomes 

approximately. 

If the scale had been placed in its proper position the line 
OB' would have cut it in B so that 

BX = OX tan (f>. 

The eri or in the reading will therefore be 

OX tan </) (— 7 tan </> + ^7®). 

If the mirror is deflected through the same angle but to 
the other side we find similarly the error of reading 
OX tan </> (7 tan -f ^7®) 

If then 7 is so small that 7- may be neglected the readings of 
the scale will be as much too gieat on one side as they are too 
small on the other, and hence if the mean of the two deflections 
is taken the eiror will only be dependent on the square of the 
angle through which the scale is turned 

Our adjustments must be made therefore with sufficient 
accuracy to allow ^7“ to be negligible compared to unity. If 
the scale is one metre long and divided into millimetres, we 
may estimate the tenth part of a division and therefore we may 
if necessary aim at an accuracy of one part in ten thousand. 
The angle 7 for which ^ is 0001, is about 45 ', so that the 
inclination of the scale should not exceed this value. The 
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difference in the deflection right and left are according to the 
above formulae 

20X7 tan* <j> = 2XBy tan <j) 

In actual experiments tan (p is not likely to be more than and 
if 7 is 01, the differences in the reading would be Xi^/200. 
If the scale is a metre scale so that the greatest value of 
XB is 50 centimetres the difference in the reading of equal 
deflections on the two sides will for the greatest deflection 
which can be read by the instrument be 2 5 mms If then the 
minor is deflected so that the end of the scale appears against 
the cross wne, and two equal deflections on opposite sides do 
not give a difference in the reading of more than two and a 
half scale divisions or geneially 0025 of the total length of the 
scale, the adjustment is sufficient even if the greatest possible 
accuracy is requiied As it is difficult to produce with certainty 
equal deflections, it is advisable to test the position of the scale 
by some direct measurement. 

Fig 61 shews that 

OA'_X^ 

OB ■“ XB' ’ 

, OA'--OB XA'-^XB 

hence 


Substituting XA' — XB' = 2 XBy tan cf) 
we find to the required accuracy 

0A'^0B' = yAB, 


which determines the gieatest allowable difference between the 
lengths OA' and OB'. 

By means of a string or long rod it is not difficult to secuie 
that the two ends of the scale shall be at the same distance from 
the centre of the mirror to within the hundredth part of the 
length of the scale, which will secure a maximum value of 01 
for 7 If the minor is enclosed in a case with a glass window 
it will be sufficient to measure to the centre of the window 

To obtain the angle of deflection we use the foimula (1) and 
deduce 


2a = arotan 


XZ 

OZ’ 
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For small angles it is often more convenient to calculate 
KX 

arctan ^ table of tangents. 

Using the series 

arctan <^ = <^ — . &c , 

we obtain by substitution, writing w for KX and d for OX, 

“ “ 2 u “ 3^ ■*■ 6d»“ "V " M r “ 3d» 6 J' 

The convenience of the formula consists in the fact that the 
terms after the first may either be neglected or determined 
approximately and that if only relative values are required 
we only need to calculate the bracket. 

It IS often necessary to find tan a, sin a, or sin | , instead of 

a and the following approximate formulae may then be employed* 



These formulae will be suflScient for nearly all purposes, but 
in case the third term of the series has to be taken into account, 
the first formula becomes 



If it is not necessary to obtain the values of tan but only 
values which are proportional to them, it is easier to calculate 
the value of 


2citan<^, 2d sin or 4d8in~. 


Thus for instance, if x is 392*3 scale divisions and if the 
distance d of the scale from the mirror is 2500 scale divisions 
the calculation might be made and tabulated as follows : 
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X- . 

.. 

392-3 

i-0>846. 



(a)’ - 


- 2 41 

<>««*• 


+ 19 


2 d tan <f> = 

3901 


In the above investigation it has been assumed that the 
normal to the mirror is at right angles to the axis of rotation^ 
and this is sometimes difficult to secure with great accuracy. 
Calculation shews however that when the deviation of the 
normal does not exceed one degree the results are sufficiently 
accurate for nearly all purposes, provided that the distance d is 
measured from the centre of the mirror along the line which 
stands at right angles to the plane of the scale, to which the axis 
of rotation is supposed to be parallel If as is commonly the 
case the axis of rotation is vertical, d should be the horizontal 
distance between the centre of the mirror and the plane of the 
scale 

Should it be necessary in exceptional cases to take account 
of the inclination of the mirror, this can be done by adding 
xa{fy — OL) to the observed deflection x, where a and 7 aie the 
angles which a plane drawn at right angles to the axis of rota- 
tion forms with the normal to the mirror and the optical axis 
of the observing telescope respectively The angles a and 7 
must of course be measured towaids the same side of the 
plane 

* See F Kohlrausch, Wtedejnann Annalen xxxi. (1887). 
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SECTION XXXV. 

THE SEXTANT 

Apparatus required : Sextant, fixed marhs. 

The sextant consists of a graduated arc of a circle AB 
(Fig 62), of about 60°, and a movable arm J, which turns about 



the centre of the arc, and is fitted with a clamp, a tangent screw, 
and a vernier by means of which its position on the graduated 
arc can be accurately determined 

10 IS a plane mirror attached to the arm /, and is called 
the Index Glass jETG is a second mirror fixed to the frame, 
and known as the Horizon Glass Its upper half is left un- 
silvered. 
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y IS a small telescope directed towards the mirror HG 
and placed parallel to the plane of the arc. By means of a 
screw at the back of the instrument, the telescope can be 
moved at right angles to this plane so as to vary the proportion 
of light received from the silvered and unsilvered portions of 
the horizon glass. The horizon glass is so placed that a ray of 
light passing from the centre of the index glass to the centre 
of the horizon glass, is after reflection directed along the axis 
of the telescope (Fig 63). Let such a ray come originally 
from an object Q, and let another ray coming from a second 



object P, pass through the unsilvered part of the horizon glass 
and proceed in the same direction The two objects when 
viewed through the telescope are then seen to coincide, one 
being viewed direct and the other after reflection from the two 
mirrors, and the angle between the two mirrors, when this is 
the case, is half the angle between the rays from the objects 
The graduations on the arc are numbered to read double 
their real value, hence the reading on the arc gives directly 
the angle between two lines one of which is drawn from the 
centre of the index glass to Q and the other from the centre 
of the horizon glass to P If the distance of the objects is 
sufficiently great this will be sensibly the same as the angular 
distance between P and Q at the observer’s eye. 


11—2 
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AdjustTnmts 

1. The plane of the index glass 10 should be at right 
angles to that of the graduated arc 

Venfy that this adjustment is correct by setting the index 
at about 100®, placing the eye near the index glass, and looking 
obliquely at the glass so as to see at the same time part of the 
arc direct, and also its reflection in the glass If the two 
appear to be in the same plane, the adjustment is correct, and 
the adjusting screws of the mdex glass need not be altered 

2. The plane of the horizon glass HO should be at right 
angles to that of the aic 

Hold the instrument so as to view directly with the telescope 
some small distant object. On turning the index arm round, an 
image of the object, formed by reflection at the two glasses, 
will cross the field If the two glasses are accurately parallel, 
this image can be made to coincide exactly with the object 
seen direct If the plane of the horizon glass is not at right 
angles to that of the arc, so that the two mirrors are not 
parallel, the image will appear to pass on one side or other of 
the object 

By adjusting the top screw at the back of the horizon glass, 
the image seen after two reflections, and the object seen directly, 
can be made to coincide exactly in one position of the index 
arm. 

When this is the case the two mirrors are parallel, and the 
horizon glass is at right angles to the plane of the arc. 

3 The axis of the telescope should be parallel to the plane 
of the graduated arc 

To test whether this condition is fulfilled with sufficient 
accuracy, place two small sights of exactly equal height on 
the divided circle. These sights are conveniently made by 
bending strips of sheet brass into two parts at nght angles 
to each other, so that when resting on the sextant their upper 
edges are horizontal and at the same level as the axis of the 
telescope, the sextant bemg placed on a horizontal table. If 
the sights are placed as far apart from each other as possible 
and in suitable positions, the same distant object may either 
be viewed through the telescope or by the naked eye looking 
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over the sights. A point on the distant object which may be 
brought into contact with the upper edges of the sights when 
looked at by the naked eye, should then appear in the centre of 
the field of view For accurate work with the sextant the ad- 
justment of the telescope should be coriect to within 10 minutes 
of arc or 003 in angular measure Hence if the sights are 
placed at a distance of 15 cms from each other, they should 
be carefully constructed so that the two upper edges are hori- 
zontal and within half a millimetre of the same height above 
the divided circle If the adjustment is found wrong it may 
be corrected in well-made sextants by two small screws in the 
frame which cariies the telescope 

Determination of the Index Correction 

When the two mirrors are parallel, it may be found that 
the Vernier index does not read exactly zero The reading is 
termed the index error, and the index correction is the index 
error with the sign reversed 

To determine the index correction, direct the telescope to a 
distant object and turn the index arm till the two images of 
the object appear in the field of view Then clamp the index 
arm, and bring the images into coincidence by means of the 
tangent screw Read the Vernier, and notice whether the 
reading is positive or negative 

The reading of the Vernier with the sign reversed is the 
index correction. 

Exercise 

Standing on the given spot, determine the angle subtended 
by each pair of three given points. 

Hold the sextant in the nght hand, with the arc downwards. 
Look through the telescope at the lowei one of two of the objects, 
holding the sextant so that the plane of the arc passes through 
both objects Move the index arm along the arc till both 
objects appear at the same time m the field of view, then clamp 
the arm by means of the screw behind the scale, and bring the 
two images into coincidence by means of the tangent screw. 
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Read the position of the index, repeat the observation, and 
record as follows Proceed m the same way with each other 
pair of objects 

10 May, 1899. 

The reading when the two images of the same distant object 
coincided was found to be as a mean of 3 observations — 2' 12". 

Readings when the images of the given points coincided • 


Points — 

Left and Middle 

Middle and 

Bight 

Left 

and Bight 


11° 

30' 

20" 

20^* 

3' 

10" 

31° 

35' 

20" 



80' 

30" 


3' 

0" 


35' 

40" 



30' 

00" 


8' 

20" 


35' 

40" 

Means 

11° 

dO' 

17" 

20° 

3' 

10" 

81° 

35' 

33" 

Index ) 

Correction j 

+ 

2' 

12" 


2' 

12" 


2' 

12" 

Angle 

subtended 

10° 

32' 

29" 

20° 

5' 

22" 

31° 

37' 

45" 


The observed points were nearly in a straight line 

It will often be found difiScult to find suitable objects at 
a great distance If the distance is less than 1000 yaids, and 
the mea'surements of different observers are to bo compared 
with each other, caie must be taken that the obseiver does 
not change his position duiing the observations and that the 
position IS well marked Students will get a good idea of the 
delicacy of the observations by obseiving two objects at a 
distance of 1000 yards and at an angle of not less than 10^^ 
from each other, receding from or approaching the objects 
by a yard ought to make an appreciable difference m the 
coincidence of the images 

It would be difficult to name a more useful or mstructive 
instrument than the sextant, and, if time allows, students should 
obtain a little practice in the determination of latitude and 
local time by means of it The study of errors introduced by 
imperfections in the adjustment of the different parts, will form 
an excellent foundation for the study of other optical instru- 
ments. 

Consult: Chauvenet, Spherical and Practical Astronomy, 
voL II. 
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CURVATURES AND POWERS OF LENSES. 

Apparatus required : Two large lenses, one concave, one 
convex, one small convex lens, spherometer, scale, plane minor, 
and simple optic bench 

The radius of curvature of a spherical surface maj^ be found 
by means of a spherometer, or by using the surface as a mirror, 
and determining the positions of conjugate points Both 
methods will be used in what follows 

Place the spherometer piovided on a plane surface, eg , o, 
sheet of glass, and turn the milled head till the point of the 
screw just touches the surface The exact point may be known 
either by the slight increase of the resistance to rotation of the 
screw, or by the rocking of the spherometer on the surface as 
soon as the point of contact is passed 

Take three readings of the zero of the spherometei in this 
way, and then place it on the surface the curvatuie of which is 
required, in this case a lens mounted in a ring to pi event the 
curved surface being scratched when the lens is placed on the 
table. 

Again turn the screw till the point j’ust touches the surface, 
making the adjustment three times and 
taking a reading each time 

The pitch of the screw is marked on 
the spherometer. 

In order to determine the ladius of 
curvature of the surface from these 
obseiTations, we require to know the 
distances between the feet and point 
of the spherometer. Place the sphero- 
meter on a sheet of paper, and press it down gently, so that 
the positions of the feet and point are indicated by slight 
depressions Aj, A^, A^, G\ m the paper (Fig 64). Measure 
by means of a scale with its graduations m contact with the 
paper or by means of compasses, the distances A^A^, A^Ai, 


As 
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AiAq, C'Ai, C^As, C'As, call them a, 6, c, a', b\ c , The radius of 
the circle circumscribing the triangle AiA2Ai will be given by 


r=s 


abc 


4^6 (5 — a) (s — 6) (6 - c) * 

, a+6+c 

where s = — ^ — . 

If a = 6 = 0 this reduces to 

_ ^ 

V3“3V3‘ 


In practice a, 6, c will not be exactly equal but nearly so, 
and in that case we may use the second form of the last 
equation. 

In order to see within what limits of accuracy this is allow- 
able put a = + a, 6 = 4- /3, c = §6 + 7, 

where a, yS and 7 are small, then by addition 


a-f-64-c = 25 4-a4"/3 + 7, 
or since a + 6 + c = 2^, 

it follows that a + iS + 7 = 0. 


On substituting we now get 

2 ^ (g-f |g;)(g 4-|7) ^ 

3 V3 V5 (5 — 3a) {s — S/ 3 ) {s — Sy) 

If we expand the products we find that there is no term 
containing the first power of a, y8, 7 because these quantities 
only occur in the combination a + 4- 7, which is zero. The 

term involving squares and products of a, /S and 7 does not 
vanish, and if we write 

== — (^87 4 “ 7a 4- a/ 3 ), 

since (a 4- ;8 4- 7)® = 0, 

it is easily found that to this degree of approximation 



As an accuracy of one part in 500 will probably not be 
reached in this exercise unless the mean of a large number of 
determinations is taken, we may write 

2 s 
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whenever tjs is less than *031. If the second term cannot be 
neglected it is easily computed with suflBcient accuracy. 

If the spherometer were accurately made, the centre of the 
screw would move along a line through the centre G of the 
circumscnbmg circle AiA^A^^ perpendicular to the plane 
A^A^A^, If it does not pass through G but through a point 
G' distant a', 6', c' from the point A^A^A^y then the distance 
GG'(=d) IS given appioximately by the equation 

d2 = |{2 (r--a“ + r—b'^ r —b' 

+ r~a'r-c' + r 

Now consider a section of the surface by a plane through 
0 and the centre of curvature of the surface le the 
circle ANDN' (Fig 65) The plane 
through the points AiA^A^is represented 
by the line AGD 

Assuming that when the instrument 
IS placed on a horizontal suiface the axis 
of the screw is vertical, the distance h 
through which the point of the screw has 
to be moved when the instrument is 
placed on the spherical surface, will be 
O'P. 

Now GT.G'P'^G'A.G'D and if ON^Ry 



Fig 66. 


PP' = 2Vie'-d» and OT' = - A. 


Hence h{2^R'‘ — <P — h) = {r — d){r + d), 




4A> 


R = + h^- d^f + 


or if d is small, jR = (r® + A®)/2A, 

Calculate R from one of these equations, and determine 
similarly the radius of curvature of the other surface of the lens 
Verify by the following optical method the values found : 

I For a Concave surface 

Place a screen provided with the hole and cross wires at 
one end of the optic bench with the white side towards the 
centre of the bench. Place a bright flame behind the screen. 
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Place the lens on the bench with its axis parallel to the 
axis of the bench, and the surface the curvature of which is 
to be measured towards the screen. Find the position of the 
surface when the image of the cross wires on the screen pro- 
duced by reflection at the surface is most distinct The cross 
wires are then at the centre of curvature of the surface 

II. If the surface is convex the radius of curvature may 
be determmed optically by the following method — 

(7 (Fig 66) is the lens the radii of curvature of which we 
have to determine. B is an auxiliary lens provided with a stop 


c 



Fig 66 


of small diameter A is the screen in the centre of which is 
a small hole with a cross wire, which is illuminated as shewn 
Keeping the distance ABy which must be greater than the focal 
length of By constant, we can find a position of G such that 
the rays of light, after passing through B, strike the surface of 
C perpendicularly, and returning along the same path, form 
an image of the cross wire on A Take the reading of the 
position of C, then remove (7, and place a screen D in such a 
position that a distinct image of the cross wire is obtained on 
it, the lens B being kept in the same position The distance 
from the lens to D is then the radius of curvature of the 
face nearer the cross wire By turning the lens G round, the 
radius of curvature of the other face is similarly obtained. 

The apparatus used is shewn m Fig 67. 
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Determine approximately the focal length of the lens, if 
convex, by placing a screen behmd it at such a distance that an 
inverted image of some distant object is formed on the screen 
The distance of the screen from the nearest point on the surface 
of the lens is the focal length approximately. 

To determine it more accurately, if the lens is a converging 
one, mount it with a plane mirror immediately behind it 
Place the mounted lens and the mirror on the optic bench 
Behind the hole and cross wire place a luminous burner, 
and find the position of the lens and mirror for which a distinct 
image of the cross wire is projected on to the screen, in the same 
plane and as nearly as possible comcident with the cross wires 
themselves (Fig. 68) 



The light from F in the direction FA is refracted by the 
lens and proceeds after refraction in the direction AD If AD 
is perpendicular to the surface of the mirror, the reflected ray 
traverses the same path as the incident, and is, therefore, 
brought to a focus again at F 

In order to determine the distance of the surface of the lens 
from the screen read the position of some part of the lens-stand 
on the scale of the optic bench used Move the lens towards 
the screen till it touches one end of a rod of known length the 
other end of which touches the cross wire Again read the 
position of the lens-stand. The sum of the length of the rod 
and the distance through which the stand has been moved is 
the distance of the surface of the lens from the cross wire The 
focal length of a symmetrical lens may be found from this by 
adding to it ^ the thickness of the lens. 

If the lens is a divergent one, place between it and the cross 
wires a con vei gent lens. Place behind the two and close to 
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the divergent lens, a plane mirror (Fig. 69). Move the diver- 
gent lens and plane mirror till a distinct image of the cross 
wires 18 formed on the screen close to the wires Note the 
position of the divergent lens, remove it and the mirror and 
place behind the converging lens a screen in such a position 


p 


that an image of the cross wires is formed on it The distance 
from the screen to the position previously occupied by the 
divergent lens is the focal length required. 

The focal length of a lens is connected with the radii of 
curvature of its surfaces and with the index of refraction of its 
material by the equation 

i = + or + 

where Ri and are taken positive for convex and negative for 
concave surfaces. 

Calculate /x from the observations, and tabulate as follows . 


c 



Fig 69. 


10 February, 1899 
Lens No. 2 double convex 


a* 6*14 cms. 
6-603 „ 

c = 6 33 „ 

•. 5 = 9167 „ 
§5 = 6167 „ 


a = ~ 03 cms. 
/5=-14 „ 
7==-t 16 „ 
and r= 3*560 „ 


a^= 0009 
^“ = •0196 
7*= 0256 
e* = *023 
9eV^5» = *0006, 


a' = 3 55 cms. r — a' = *01 

6' == 3 54 „ r - 6' = *02 .% d* = *0006. 

c' = 3 57 „ r-c'- — *01, 


By spherometer 
Hence 

By reflection 


Ai = *1564 cm. 
jBi = 40 60 cms. 
jBi = 399 „ 

/ (measured) 

[L (calculated) 


Aa = *1667 cm. 
jRa = 40 52 cma 
JJ, = 40 0 „ 

= 405 „ 

« 1*60 


Hence 



SECTION XXXVIL 


DETERMINATION OF THE INDEX OF REFRACTION 
OF A LIQUID BY TOTAL REFLECTION 

Apparatus required: Horizontal graduated scale with 
upiight and slit, ebonite block, and glass cube 

When a ray of light traversing an optically dense medium 
impinges on the surface of separation of that medium from 
a rarer medium, making an angle with the normal at the point 
of incidence greater than the " Critical Angle,’' the ray is totally 
reflected, no part of it entenng the rarer medium If N is the 
index of refi action of the denser, n that of the rarer medium, 
the least value of the angle of incidence for which total 
reflection can take place, %,e,, the Critical Angle, is given by 
the equation 

sin 6 = njN. 

A glass cube of about 4 cms. edge is provided. On one face 
a line parallel to and about a cm from an edge has been drawn 
with a diamond 

Put a few drops of water on the ebonite block provided, and 
place on it the cube with the face on which the line is drawn 
vertical, the line itself horizontal, and a cm above the ebonite 
A film of water will be formed in immediate contact with the 
lower face of the cube Now place the ebonite and cube on 
the scale and about 30 cms. behind the slit in the upright. 
Place the scale on a table in front of a wmdow through which the 
sky can be seen. Look through the slit at the lower surface of 
the cube, and notice that on moving the cube and block towards 
the slit, the appearance of this surface changes from bright to 
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dull, and at the point of change a coloured band extends across 
the surface from left to right. Adjust the distance of the cube 



from the slit till that part of the coloured band where violet 
shades off into green coincides with the diamond scratch on the 
face of the cube 

Measure Jh the height of the slit, and the height of the 
line on the cube, above the surface of the scale, and d the 
horizontal distance between the face of the cube and a per- 
pendicular let fall on to the scale from the slit. 
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Then if i = angle of emergence of the ray from the cube 
(Fig 71), tan ^ == (Ai — k^jd. 

If r = the angle of incidence of the internal ray at (7, and 
N = the index of refraction of the cube with respect to air for 
the light used, ^ e. that near the F line, then 
sin i = JV'sm r. 

Since total reflection just begins at B, ie., the angle of 
incidence at B is the critical angle, 

n = N cos r, 

where n = the index of refraction with respect to air of the 
liquid at B 

Squaring and adding the last two equations we get 
"f sin* 1 

or sin* 

From which n may be calculated if N is known and ^ is found 
by measurement of hi, and d 

Determine by this method the value of N for the cube for 
the line F, taking the index n for water to be 1*337. 

Having found N find n for ethyl alcohol 
Arrange your observations as follows — 

25 January, 1893. 

Water film /ii = 21 5 cms 

^2 ~ 31 f, 

d = 21 3, 21 4, 21 2 cms. mean = 21 3 cms 

t = 4f0° 45', sin { = 653 
(1 337)^ + ( 653/ - 2 2140 
-.jy = 1488 

Alcohol film = 21 5 cms 

Aj = 3 1 „ 

d = 25 6, 25 3, 25 6 cms mean = 25 5 cms. 

tani= z—. = 721 
zo o 

i = 35' 48', sin i — •588 
n* = (1488/ -(586/ 
n = 1 368 
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MAGNIFYING POWERS OF INSTRUMENTS. 

Apparatus required : Telescope, microscope, millimetre 
scales, scale with hold divisions about 10 cms apart, small prism 
or miri or 

When an object is viewed through an optical instrument, 
such as a telescope or microscope, the apparent size of the 
image is in general larger than that of the object as seen 
direct, and it is the purpose of this exercise to determine the 
amount of magnification. 

Telescope. 

The magnifying power of a telescope is defined as the ratio 
of the apparent size of the image seen through the telescope to 
the apparent size of the object as seen direct, the eye being in 
the same condition during the two observations. If F is the 
focal length of the objective, / that of the eyepiece, and D is 
the distance of the object from the objective, it may be shewn 
that the magnifying power 

F(. 2F\ 

2 )- j approx. 

To determine the magnifying power, direct the telescope 
towards some surface on which is a regular well-marked pattern 
of some kind, such as a divided scale or the dividing lines in 
a brick wall, and when the pattern has been focussed, look at it 
through the telescope with one eye and with the other direct. 
If the observer s two eyes are not alike, it is better to place 
a narrow strip of mirror half over the eyehole with its normal 
at 45° to the axis of the telescope and a larger mirror parallel 
to the first at the side of the instrument By this means 
the same eye is used for vision through the telescope and 
for vision by successive reflection at the two mirrors Move 
the head a little to the right or left and notice whether the 
pattern seen through the telescope appears to move across the 
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pattern seen direct If so the focussing of the telescope should 
be altered slightly till one pattern is not displaced with respect 
to the other when the head is moved There is then no ‘‘parallax.” 
Count how many times some convenient length in the magnified 
pattern contains the same length of the pattern seen direct. 
This number is the magnifying power of the telescope as used 

Measure the distance of the telescope from the pattern, 
move the telescope to another position and again find the 
magnifying power, and repeat the observations at 5 positions 
varying from as close to the wall as possible to a distance of 
40 or 50 metres away. 

Measure the focal length F of the objective by taking out 
the eyepiece of the instrument and holding a sheet of papei at 
the eye end, so that an image of a distant object formed by the 
objective is m focus on the sheet, the distance F of the paper 
from the objective is the focal length of the objective Record 
as follows . 


Telescope A 
22 0 cms 


D cms 

Magnifying 

power 

F 

D 


7000 

16 3 

OOi 

16 3 

3000 

IG 3 

007 

16 2 

1300 

16 7 

017 

16 4 

500 

16 9 

044 

16 2 

200 

18 3 

•11 

16 5 

Mean 

i 16 3 


Hence the focal length of the eyepiece = 22/16 3 = 1 85 cms. 


Microscope. 

The magnifying power of a microscope is defined as the 
ratio of the apparent size of the image as seen thiough the 
instrument, to the apparent size of the object, when each is at 

12 


8 P. 
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the standard nearest distance of distinct vision from the eye, 
i e 25 cms 

If fi IS the focal length of the eyepiece, /o that of the 
objective, d the distance of the first focal plane of the eyepiece 
from the objective, and dn the standaid least distance of distinct 
vision, the magnifying power of the instrument 



appioximately. 


In most cases d is nearly equal to I the length of the instrument, 
and the magnifying power then 


s= approximately. 
JoJi 


Place a millimetre scale* on the stage of the microscope, and 
focus it distinctly. Mount another scale graduated m milli- 
metres horizontally 24 cms. to the left or light of the eyehole 
of the instrument with its centie in the same hoiizontal plane 
as the eyehole. 

Place on the eyehole of the instiiiment a small strip of 
plane unsilvered glass mounted so that its normal makes an 
angle of 45® with the axis of the microscope Look down the 
microscope through the glass, keeping the eye one centimetre 
above the eyehole. Adjust the glass till an image of the 
central part of the horizontal scale is seen covering the central 
part of the image of the scale on the stage of the microscope 
If the image of the stage scale is now indistinct, focus the 
microscope again. See that theie is no parallax between the 
horizontal scale and the image of the stage scale, then read on 
the image of the scale the number of divisions equivalent to 
one of the stage scale. This is the magnifying power of the 
instrument. Measure the length of the micioscope from the 
objective to the eyehole. Draw out the tube of the instrument, 
so that the length is increased about 3 cms Raise the hoiizontal 
scale by the same amount and repeat the observations. Continue 
the process till the tube is as long as it can be made. Measure 


* If the magnifying power of the instrument is large a scale divided into 
tenths and hundredths of a millimetre should be used on the stage. 
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again the distance of the vertical scale from the eyehole Divide 
each obseived magnifying power by the corresponding length 


and take the mean of the results This is the value of . ” . 

JoJl 

Dividing this by dn, which in the above case was taken to have 
the standard value 26 cms , we have the value of If the 

/o/i 

focal length of the objective /o is known we may therefore 
calculate fi the focal length of the eyepiece. 

Tabulate observations and results as follows : 


Microscope B, objective 3 8 cms eyepiece (7. 


Length 1 

Magnifying 
power m 

<2. 

/o/i 

26 2 cms 

39 5 

1 51 

29 3 „ 

44 0 

1 50 

32 2 „ 

! 48 1 

1 49 

35 1 „ 

52 5 

1 50 

Mean 

1 50 


= 24 + 1 = 25 cms 



= 060 and ~ 4*3 cms. 


In normal use the microscope is focussed so that the image 
seen is at a great distance from the eye in order that the 
muscles of the eye may be at rest. This reduces slightly the 
magnification obtained. 


12—2 



SECTION XXXTX. 

ADJUSTMENTS AND USE OF THE SPECTROSCOPE 



Apparatus required : Spectroscope, platinum wires for 
heads, salts, and crayons 

Vision through a prism. Let a luminous point S (Fig 72) 
send out a pencil of Vjomogeneous 
light, the rays of which, after re- 
fraction through the prism, seem to 
diverge appi oximately from a point 
S' An eye at E will therefore see 
the luminous point in a displaced 
position, the amount of displacement 

depending on the refractive index of the prism for the rays and 
on its angle. If the light sent out by the luminous point is not 
homogeneous, but is of two kinds having different refractive 
indices, there will be two separate images side by side, which 
will be coloured diffeiently if the difference m the refractive 
index is sufficiently gieat If, finally, the luminous point sends 
out white light, there will be an infinite number of images 
shewing a succession of all the colours of the spectium from red 
to violet. 

Seal about four or five centimetres of platinum wire of 
•2 mm diameter into a piece of glass tubing, and bend the end 
of the wire into the shape of a loop thus • 


Fig 78. 
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Wet the loop slightly, dip it into a mixture of common salt and 
borax in equal proportions, and heat carefully in the edge of 
the flame of a Bunsen burner, until the salt fuses and forms 
a transpaient bead If the loop is not completely filled by the 
bead, place some more of the substances on it and repeat the 
process of fusion Then fix the glass tube to the stand pro- 
vided, and place it so that the bead touches the flame and 
colours it The platinum wire should dip slightly downwards 
(Fig 73), otherwise the bead has a tendency to run back along it 
Hold the loose prism provided in front of your eye, and turn 
your head until you see the displaced image of the flama 
Next take a second piece of wire, and having prepared a bead 
of a lithium salt, place it in the flame along with the sodium 
bead. Make a sketch m your note-book of what you see. 
What conclusions do you draw respecting the light sent out by 
a flame containing both sodium and lithium ? 

Look now at a luminous flame, again sketch the appearance 
in your note-book, and explain it 

Cut a slit not broader than a millimetre in a piece of card- 
board Hold the caidboard in your^left hand so that the slit 
18 in front of a Bunsen burner containing both a lithium and 
sodium salt, hold the prism in the right hand in fiont of your 
eye and look at the image of the slit Sketch the appearance 
in your note-book 

Such a combination of slit and prism forms the simplest 
kind of spectroscope, and is often useful for the rapid examina- 
tion of light sent out by a flame, or an electric discharge 

In piactice the virtual image of the slit produced by the 
prism is magnified by being looked at through a telescope But 
this cannot be done with advantage without some further 



Fig 74 

change in the optical arrangement, to obviate the so-called 
“ aberiation'" of the rays. Foi if rajs of light diverging from 
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a point are traced through a prism, it is found that after emer- 
gence they do not accurately diverge from a point, but the 
section of the pencil will have the appearance of Fig 74 This 
does not sensibly affect the sharpness of the image when looked 
at with the naked eye, or even under small enlargements such 
as are used in pocket spectroscopes, but when higher power is 
required the aberration must be obviated. This may be done 
by the introduction of a lens placed in such a position between 
the slit and the pnsm, that the beam of light coming from any 
point of the slit becomes parallel before it falls on the prism 
As a parallel pencil of light will remain parallel after refraction 
at any number of plane surfaces, there is no abeiiation in this 
case. We thus arrive at the arrangement shewn m Fig 75 


L p 



A tube carries at one end the slit S and at the other the lens A, 
the slit being in the focal plane of the lens This tube is called a 
“ collimator.” The pencils of light from the slit rendered parallel 
by L fall on the pnsm P, and after passing through it are re- 
ceived by a telescope P. The eye, on looking through the 
telescope will see an image of the slit, which is displaced by the 
prism, but is sharp provided the slit is illuminated by homo- 
geneous light. If, on the other hand, the light falling on the 
slit consists of groups of waves differing in wave-length, each 
group will give a separate image of the slit If further the 
wave-lengths, and therefore the refrangibilities, vary continuously 
over a certain range, the images of the slit will he side by side 
or even overlap, so that a continuous band of light will be seen. 

We call the appearance presented when the light of a 
luminous body is examined by means of a spectroscope the 
'‘spectrum” of the body. We say that the body has a 
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“continuous spectrum” when the band of coloured light is 
continuous We say, on the other hand, that the body has 
a “line spectrum,” if a number of separate coloured lines aie 
shewn, which we have seen aie only images of the slit If the 
slit IS curved the lines will be curved, if the slit is broad the 
lines appear broad, and nan owing the slit will narrow the lines 
down to a certain limit, which depends on the diameter of the 
object-glass used A “band-spectrum ” is a spectrum consisting 
of bands which are broad even with a narrow slit These bands 
are often sharp on one side and fade away gradually on the 
other. 

As the spectrum of a body, whether it is a line or band 
spectium, IS found to be charactenstic of the body, it is neces- 
saiy to determine the positions of the lines and bands on some 
convenient scale. 

The arrangement generally adopted in one^prism spcctro- 
scopes is shewn in Fig 76 A small tube 
MQ has at one end a scale of fine equi- 
distant lines Q, at the other end a lens M, 
the scale being at the principal focal plane 
of the lens The tube is placed so that the 
light rendered parallel by the lens AT, is re- 
flected at the surface of the prism into the 
telescope T When the scale is illuminated by 
a small gas flame, the observer sees not only 
the spectrum of the body, but superposed on 
it the image of the divided scale, and he can 
read off the position of each separate line on this scale 

Fig 77 shews a spectroscope consisting of collimator, prism, 
telescope, and scale-tube. The collimator is provided with a 
projecting metal sheet, and the scale-tube with a projecting 
metal cylinder, to prevent the flames used being brought so 
near as to injure the instrument. 

Adjustments of the Spectroscope: It has been shewn 
above that the light leaving the collimator should consist of 
paiallel rays To secure this, if the distance between the slit 
and collimator lens can be altered, the telescope and collimator 
are adjusted as follows . — 
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Place the spectroscope near a window and turn the telescope 
till a distant object is observed thiough it If the object is seen 



clearly, the telescope is in adjustment for parallel light If not 
adjust by means of the focussing sciew Remove the instru- 
ment to a darkened room, illuminate the slit of the collimator 
by a sodium flame, and move the collimatoi m and out till 
the image of the slit seen m the telescope is sharp and 
distinct Place a small luminous burner in front of, but not 
too near to, the end of the scale-tube, and adjust the scale- 
tube till both the scale and the sodium line are seen sharp 
at the same time. Move the scale-tube at the same time until 
the sodium line stands at a convenient number of the scale*. 
The best test of good adjustment is the absence of parallax, 
that is to say when the eye is moved a little to the left or right 
the sodium line should not change its position relative to the 
scale Accurate measurements with the spectroscope aie impos- 
sible when paiallax exists to an appieciable degiee. 

If the position of the slit of the collimator cannot be changed, 
the telescope must be adjusted by illuminating the slit with a 
sodium flame, and focussing the telescope so that the yellow line 
appears sharp The scale is then focussed as described 

Before proceeding with any further measurements, consult 
one of the Demonstrators to see that your adjustment is conect 
With a narrow slit the sodium line should just appear double, 

* As the scale divisions may differ m different instruments, a label is 
attached to each spectroscope, on which the number with which the sodium 
line should be made to coincide is indicated 
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As it IS generally necessary to have the spectra as bright 
as possible it will be useful to remember the following facts 
Let SL (Fig 78) be a horizontal section of the collimator, S 
being the slit and LL' the lens. Let AB be a flame sending 
out light the spectrum of which is to be examined The 
light from the part of the flame near A will illuminate the 
part of the collimator lens near Z, the rays of light going from 
A through the slit to Z,similaily the light from the part 
of the flame near B will illu inmate the part of the lens 
near L' The whole collimator lens is thus filled with light 
When the whole collimator lens is filled with light maximam 
hiightness of the specti am is secuied 



Fig 78 


If the burner is placed at AiB^ close to the slit, it is only 
the light from the central parts of the flame which reaches the 
collimator lens , the rest of the light falls on the inside walls of 
the tube, which are blackened to prevent reflections In this 
case, therefore, although the flame is nearer, a smaller part of 
the flame illuminates the collimator lens, so that nothing is 
gained in brilliancy, the brightness of the spectrum being 
exactly the same as before If, on the other hand, the flame 
IS too far away at A^B^y the outer portions of the lens are not 
illuminated at all , in that case the brightness of the spectium 
IS reduced When the collimator lens is not filled with light, 
as in this last case, beside loss of light there is the disadvantage 
of worse definition, so that in spectroscopic work it is generally 
of importance that the whole collimator lens should be illumi- 
nated, but when that is secured no further mcrease in brightness 
is possible 

Where the source of light is very small, as in the case of an 
electric spark, with a narrow slit the collimator lens would not 
be filled with light unless the source were brought inconveni- 
ently near the slit A lens P (Fig 79), should therefore be 
placed in such a position between the spark E and the slit S 
that the rays traverse the paths shewn, and an image of the 
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spark is formed on the slit Here, again, it does not matter 
how the distances of lens and spark from the slit are adjusted, 
nor how bright is the image of the spark seen on the slit plate 
The filling of the collimator lens with light is the sole circum- 
stance on which the brightness of the spectrum depends We 



Fig 79 


may even move the lens so that the image of the slit is out oi 
focus without producing great loss of light The use of the lens 
has the further advantage of enabling us to examine the spectra 
of different parts of the spark separately* 

Mapping Spectra : When the spectroscope is in adjust- 
ment and the sodium line at the proper scale division, place 
a luminous burner behind the slit of the collimator so as to 
produce a continuous spectrum Draw the spectrum which you 
see, representing as nearly as possible with the crayons provided, 
the colouis and shades and their extent on the spectroscope 
scale. Use for this purpose a sheet of paper on which scales 
with the distance between the scale divisions approximately 
equal to one millimetre are printed. 

Next prepare six pieces of platinum wire sealed into glass 
tubes, as described at the beginning of the section The platinum 
should not be thicker than 2 mm , it must be perfectly clean, 
and before use be heated to a red heat in the Bunsen flame. 

Adjust the height of the burner so that the hottest part oi 
the flame, which is just above the top of the inner cone, lies 
about the level of the lower portion of the slit 

Place a small quantity of barium chloride on the "platinum 
wire, wetting the latter first with a little dilute hydrochlonc 
acid Support the wire in the stand provided and insert it 
into the hottest part of the flame. After a few seconds the 
upper part of the flame will be green coloured, and on looking 
through the spectroscope you should see a spectrum of bands, 
with a line in the gieen which is sharp and bnght. If this line 
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does not appear, the adjustment of your spectroscope is probably 
faulty or your slit is too wide. If the spectrum is very faint, 
either the flame is not placed properly m front of the slit, or the 
latter is too narrow The best width of slit is only obtained by 
tnal For the observation of the spectra of the alkali metals 
with small spectroscopes, the slit ought not to be so narrow 
that the sodium line appears double, but it ought to appear 
a sharp line and not a broad band 

Represent on the paper scales provided, by means of shading 
with a sharp black pencil, the appearance of the bands and lines 
seen in the spectroscope After you have made an independent 
drawing, consult some atlas of spectra and compaie yours with 
the drawing given there. If you find that you have not seen 
all the bands shown there, repeat your experiment Some of 
the fainter bands may however escape your notice, as they 
require a completely darkened loom. 

Make similai drawings of the spectra of lithium, thallium, 
strontium, and calcium chlorides Notice that the spectrum of 
the last-mentioned salt gradually changes The spectrum first 
seen is due to the chloride of calcium, and is gradually replaced 
by that of the oxide Make separate drawings of the first and 
last stages through which the spectrum passes. 

During the observations, check from time to time the 
position of the sodium line. If you find that a slight change 
has taken place, it is not necessaiy to alter the position of the 
scale-tube, apply instead a correction to your readings Thus, if 
the sodium Ime reads 8 1 instead of 8, you may coirect all other 
readings by subtracting 1. 

As a last example take a bead of potassium chloride. You 
should have no difficulty in seeing a line m the red, which is 
really a double line But there is also a line at the extreme end 
of the visible violet, which requires special precaution to see. 
Not to have your eye disturbed by extraneous light, move the 
telescope until the red and green are out of the field of view, so 
that when looking at the continuous spectrum of a gas flame 
you only see the violet ; also remove the burner which illumi- 
nates the scale. Carefully introduce the potassium salt mto 
the hottest part of the flame while you are lookmg through the 
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telescope ; with a little practice this is easily done. If you fail 
to see the potassium line, sbghtly open the slit. As soon as 
you can see it, illuminate the scale a little and take a reading 
Finally, move the telescope back, and without altering the 
width of the slit, take a reading of the sodium line The 
measurement of the potassium lines should be made several 
times m order to secure greater accuracy 

It will be noticed that while thallium, sodium, potassium 
and lithium give line spectra, the spectra of the alkaline earths 
consist of bands These lattei are due to the metallic oxides 
or chlorides, while in the case of the alkali metals the salts are 
decomposed and the spectra of the metals themselves appear 
Instead of making shaded drawings of the appeaiance of 
spectra, they may be represented diagrammatically, as in 
Fig 80, where the intensities are represented by the lengths of 
the lines Thus J5 is a sharp line, 


the intensity of which is estimated 
to be about that of another sharp 
line A, D a band having a sharp 
edge at 11 30 but fading away 
gradually to the other side, the 



Fjg 80 


limit of visibility being about 11 7, (7, on the other hand, a band 


which IS brightest in the middle and ends abiuptly at 13 6 and 


13 84 
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REDUCTION OF SPECTROSCOPIC MEASUREMENTS TO 
AN ABSOLUTE SCALE 

When the spectrum of a given substance is mapped, the 
relative positions of the lines will be found to differ according 
to the instiument used Even if the sodium line is at the 
same scale division in eacli, the readings of the other lines will 
differ in the different instruments, since they depend on the 
dispel Sion of the pn&m and on the distance between the divi- 
sions of the scale In order that measurements taken with 
diffeient instruments may be comparable, it is necessary to 
have some method of representation which is independent of 
the instrument employed 

It is usual to take the wave-length m air as that which 
characteiises a given light vibration, and the spectrum mapped 
according to the wave-length scale is called a “normal” spectrum 
Instead of the wave-length scale, we might adopt the “wave- 
number,” i e the number of waves per centimetre, or the “ time 
of vibration ” as the characteristic property of a set of waves, 
and such scales present many advantages. The time of vibration 
t IS connected with the wave-length \ by the relation \ — vt, 
where v is the velocity of light. If a set of waves in air, from 
a source sending out homogeneous light, enters a different 
medium, as for instance a glass pnsra, the time of vibration will 
be the same in the glass as in air, but the velocity of propagation 
of the waves, and hence the wave-length, will be different 
When a particular kind of homogeneous light is defined by its 
wave-length, we must theiefore state the medium m which that 
length is measuied. 
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The most scientific proceeding would be to take the wave- 
length m vacuo as the standard, but as all direct measurements 
of wave-lengths are taken in air, and the reduction to vacuo 
involves an accurate knowledge of the refractive index of air, it 
IS usual to take the wave-lengths in air as standards. To be 
strictly accurate we must define the pressure and the tempera- 
ture of the air, since its refractive index depends on its density. 
Rowland’s table of standard wave-lengths is generally used, 
and holds for a pressure of 76 cms, and a temperature of 20° C 
In certain investigations it is necessary to know the wave- 
lengths m vacuo, and Tables have been constructed (Watts’s 
Index of Spectra) by means of which the converbion to vacuo 
may be easily eflected. 

In order to avoid having the decimal point at an incon- 
venient place, wave-lengths are usually given not in centimetres 
but in so-called tenth-metres (written metre) the lO^Uh part 
of a metre or the 10®th part of a centimetre. According to this 
scale the wave-lengths of the two sodium lines m air are 
589018 and 689615, and the correction to vacuo is -H 1 60, 
Spectroscopes containing one piism of the usual size only 
barely separate the sodium lines, and measurements with such 
instruments can only be accurate to two or three X^^^ metres. 
All figures beyond the decimal point may therefore be left out 
of account in what follows. 

It IS sometimes advantageous to consider the wave- 
numbers, or number of waves per centimetre rather than the 
wave-lengths If there are v waves in one centimetre i/X = I, 
and hence the wave-number is simply the reciprocal of the 
wave-length For the least refrangible sodium hne the wave- 
number IS therefore 


10 ® 

6896 15 


169602. 


Different methods may be used to reduce measurements 
taken on an arbitrary scale to wave-lengths, and it is necessary 
to gain practical experience of the most important of thesa 
In each method the positions of two or more lines the wave- 
lengths of which are known, are observed on the arbitrary scale 
of the spectroscope, and the unknown wave-lengths of other 
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lines obtained from them by interpolation. It is m the process 
of interpolation that the methods differ. 

Method 1. Oraphtcal interpolation hy means of a wave- 
length carve. 

When the same spectroscope is always used by the same 
observer and its adjustments remain unaltered, it is generally 
simplest to draw once foi all a curve connecting the scale read- 
ings with the wave-lengths To do this, the positions of a 
certain number of so-called “standard lines’" are observed on 
the spectroscope scale, and a curve having the scale divisions as 
abscissae and the wave-lengths as ordinates is drawn. The 
shape of the curve will resemble that 
shown m Fig 81. It is important to 
choose the scale of the curve suitably. 

If the paper is divided into millimetres, v^^ve 
each scale division may be made to cor- 
respond to one millimetre, as it will 
enable subdivisions to be estimated to 
the same degree of accuracy on the curve 
as in observing a line As regards the 
scale of ordinates, it must be remembered that the visible 
spectrum ranges from 7,900 to 3,900 metres, and that it 
will not be possible to determine with an ordinal y one-prism 
spectroscope the last figure accurately. Hence if one millimetre 
IS made to correspond to 20 metres, the scale will be suffici- 
ently large, and the total length of paper necessary for the curve 
will be 20 centimetres 

Once the curve is drawn the wave-length of any unknown 
line may be obtained immediately by mspection A list of 
convenient standard lines is given at the end of this section 

Exercise I. Draw a curve connecting the wave* 
lengths with the scale readings of a spectroscope. 

From the observations you have made of the lines whose 
wave-lengths are given m the Table at the end of the section, 
draw the curve as described, and prepare a Table giving the 
wave-length for each tenth scale division of the instrument you 
have used, thus : 



Fig 81. 
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Speotroscopb a. 
Sodtum lines placed at 8 . 


Scale Division 

Wave Lengths m 
metres 

4 

7862 

5 

7239 

6 

6669 

7 

6281 

8 

5893 

9 

5622 

10 

5351 

11 

5180 

&c 

&c 


The Table should extend over the whole of the visible 
spectrum 

Kethod II. Graphical Interpolation by means of a cui've 
of wave numbers. 

The curve given in Fig. 81 has a some- 
what large curvatuie, hence the number | 
of standard lines required to draw it accu- | 
rately is comparatively large To obtain a ^ / 
cuive which is more nearly straight, and ^ 

can therefoie be drawn with greater accu- 

racy, we make use of the wave -numbers v as Scale reading 

ordinates instead of vvave-lengths\(Fig 82). 82 

To find the wave-length of an unknown line its scale reading 
is taken and the corresponding value of v found by the curve. 
The required wave-length will then be the reciprocal of the 
value found The wave-numbers per centimetre of the red 
and the blue potassium lines are respectively 13016 and 24717. 
If therefore, each millimetre of the squared paper corresponds 
to 50, the veitical distance requiied will be 24 cms 

Exercise II. Draw a cunre connecting the inverse 
wave-lengths or wave-numbers with the scale readings. 

Prepare a second Table from this curve, thus — 
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Spectroscope A Sodium lines at 8 


Scale Division 

Wave Length 
cnis 

Wave Numbers 

4 

7 860 X 10“’^ 

12723 

5 

7 238 

13816 

6 

6 712 

14895 

7 

6 277 

15931 

8 , 

5 893 

16969 

kc 

Ac 

Ac 


Method III. Giaphcal interpolation by Hartmanns 
method 

This method which consists in plotting 1/(X. — Xo), wheie 
Xo = 2700 meties appioxiinotely, against the scale leading, 
will be found to give a curve veiy nearly straight, but it involves 
an increased amount of calculation 

Method IV. Arithmetical interpolation of wave-lengths 

It is sometimes possible to find two known lines near to, 
and one on each side of, the line to be measured Calling the 
wave-lengths of these two lines X, and Xg and their scale readings 
rii and n^, ]t is seen that a distance of n^ — Ui on the scale cone- 
spends to a change of wave-lengths Xj — Xg Hence if n is the 
reading of the unknown line and X its wave-length, a differ enee 
71 — Til on the scale must correspond to a difference Xj — X in 
wave-length, and if change in wave-length is proportional to 
change in reading 

Xi — X __ 71 — 71^ 

Xj — Xg 7?2 — III ’ 

Hence 

an eqaation which we may use to calculate X when the three 
lines are near together, but not in other cases. 

Method V. Arithmetical interpolation by means of wave- 
numbers 

The use of this method will be understood from what pre- 
cedes. 


s p. 


13 
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Method VI. Arithmetical interpolation hy means of 
Har tmann's formula. 

It has already been stated that equal distances on the scale 
coi respond very nearly to equal differences in the reciprocal 
of X — Xo» where Xo = 2700 metres approximately. Hence 
calling T/i, ^2 ^nd y the reciprocals for the two refeience lines 
and for the unknown line respectively we have — 

From y, the wave-length is found by calculating Ao4' 1/y. 

When the refeience lines are not very close together this is 
the method which should always be adopted when arithmetical 
interpolation is employed, and that value of Xo should be adopted 
which gives the nearest appioach to a straight line giaph for 
the instrument used. 

Exercise III. Map a spectrum on the normal scale. 

Using the curve obtained m Exercise IL, make as accurate a 
drawing as you can of the calcium spectrum on a scale of wave- 
lengths, representing the characteristic features of the spectrum 
by one of the two methods of mapping spectra described on 
pages 185 and 186. 

Exercise IV. Using the measurements previously made, 
calculate, by Methods IV. and VI. above, the wave-length of 
the sodium line, having given the wave-lengths of the lithium 
and thallium lines. 

Enter observations and results as follows — 


Line 

Scale Division 

Wave len^jths in metres 

Given 

Calculated 
lUotliod TV 

Calculated 
Method VI 

Lithium 

6 15 

6708 



Thallium .. 

10 55 

5351 



1 Sodium 

80 


5932 

6898 


Correct Wave-length = 5893. 
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Notice that Method IV. gives only an approximate value, but 
that Method VI gives a fairly accurate result This shews that 
the reference lines are too distant from the unknown line for 
the first method of direct interpolation to be applicable, and for 
very accurate work even the method of inverse squares should 
not be used for lines which are so wide apart as these. 

TABLE 


Reference Lines 

Wave length 
Metres 
in air 

Wave number 
per Centimetre 
m air 

Inverse Square of 
Wave-length 
m air 

K red Centre of 

7682 5 

13016 6 

1694 3 X 10» 

double line 




Li red 

6708 2 

14907 1 

2222 2 

red (C) 

6563 05 

15236 8 

2321 6 

Na yellow Cen- 

5893 17 

16968 8 

2879 4 

tre of double 




line (D) 




T1 green 

5350 65 

18689 3 

3492 8 

green (F) 

4861 50 

20569 8 

4231 2 

Sr blue 

4607-51 

21703 6 

4710 5 

Ca blue 

4226 90 

23658 0 

5597 0 

K violet Centre 

4045 82 

24716 9 

6109 3 

of double line 





The wave-lengths and wave-numbers are here given to six 
significant figures, as the more complete values may be useful 
for reference, but for the purposes of the above exercises it will 
be sufficient to use four figures The wave-lengths are taken 
as far as possible from Rowland's maps, m the case of Potassium, 
Lithium, and Thallium the numbers are those given by Kayser 
and Runge. 
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THE SPECTROMETER AND ITS ADJUSTMENTS. 


Apparatus required Spectrometer, with Gauss eye-piecCy 
plane parallel glass on stand 

An instrument in which the deviation produced by the 
passage of a beam of parallel light through a prism or othei 
apparatus can be measuied is called a spectrometer It 
consists of a collimator S, a telescope T, and a horizontal 
divided circle 0 (hg 83) The telescope moves about a vertical 
axis passing through the centre of the circle Attached to 
the telescope is an arm cariying two verniers F, V' opposite 



Fig 83 


each other, which move along the circular scale, so that the 
angle through which the telescope is turned may be accurately 
measured*. Above the divided scale is a table B, on which 
prisms or gratings may be placed. In some instruments 

* In Fig. 83 the circle and verniers are enclosed in a case, and are read 
through windows m the case. 
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this table is fixed, but it ought always to be capable of being 
turned about an axis coincident with the axis of rotation of the 
telescope. The way in which an angular displacement of the 
table IS measured differs in different instruments If the 
divided circle is fixed to the collimator, the table should carry 
a second set of verniers. But in many instruments the divided 
circle IS attached to the table In that case, care must be 
taken that between any two readings of the verniers either the 
table only, or the telescope only 13 moved If both are 
displaced, the vernier readings will only shew the difference 
between the angular displacements of table and telescope, not 
the actual displacement of either. 

It IS difficult to secure that the axis of rotation passes 
accurately through the centre of the divided circle The eiror 
thereby introduced called “ error of eccentricity,*’ is eliminated 
by having two veinieis opposite each other as described The 
angle measuied by means of one vernier exceeds the correct 
value by as much as the angle measured on the other falls short 
of it , so that the arithmetic mean of the two results gives the 
correct angle For a proof of this see Note, p 204 

Examine the scale and vernier, and determine the value of 
the smallest subdivision of the principal and vernier scales 
It eg the circulai scale is subdivided into 20 minutes of arc, 
the veinier will probably be divided into 20 parts, of which 
every fifth will be numbered, and each of the 20 may be sub- 
divided into 2 or 8 parts, which will allow the measurements 
to be made to 80 or 20 seconds of arc In entering an obser- 
vation in your Note-book, write down separately the readings 
of the two scales Thus if the angle to be read off were 
47° 43 20", the observation would be entered as follows — 

Pnncipal Scale . . 47° 40' 0" 

Veiriier 3' 20" 

47°' 43 20" 

A wooden model of the vernier is placed m the laboratory, 
and the student should practise reading it until he is quite 
familiar with it 

Before proceeding with the exercises students should study 
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the construction of the instrument they are using, and refer to 
a more detailed description, which will be supplied with the 
instrument Special care should be taken to be familiar with 
the object of the various screw heads, which serve either to 
clamp some part of the instrument, or to give that part a slow 
motion If the telescope, for mstance, is to be pointed in any 
direction, it is first moved by hand as nearly as possible into 
its nght position It is then '' clamped ” by the proper screw, 
and finally brought to the proper position by means of a fine 
adjustment sciew,*' which can, within certain limits, alter its 
direction For the purpose of clamping, it is not necessary to 
me great force If the screw is screwed up gently it will be 
sufficient If force is used the instrument will be damaged 

Other moveable parts of the instrument will also in general 
be provided with a clamping arrangement and fine adjustment 
Before moving any part of the instrument care must be taken 
that the clamping screw of that part is released All parts 
should move easily, and no force should ever he used 

In order to fix the direction in which the telescope 
points, a mark is placed m the focal plane of the object lens. 
This mark consists generally of a cross formed by two cocoon 
fibres, spider’s threads, or very thin platinum wires This 
arrangement, called the cross wires/’ can be turned m its own 
plane, so that one of the wires may be placed vertically, or they 
may both be placed at an equal inclination to the vertical. The 
latter position is most convenient when the telescope is to be 
pointed towards the image of a slit, for it is found easier to 

A! I 


8 « ’ 

Fig 85. 

place the centre of the cross on the image when the cross has 
the position shewn m Fig, 84, where AB represents the image 


A 
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of the slit, than when one of the wires is vertical, as in Fig 85. 
For when the slit is narrow, as it should be, the vertical wire 
will be difficult to see against the dark backgiound. 

When the field of view is dark, it may be necessary to throw 
some light into the telescope in order to see the cross wires 
distinctly This is best done by means of a sheet of white 
paper held in the hand and placed obliquely near the object- 
glass of the telescope , the light scattered from the white paper 
will illuminate the field of view sufficiently 

To focus the eye-piece on the cioss wires, there must be 
some means of altering the positions of one of the two If the 
cross wires are fixed in the draw tube, the eye-piece may be 
moved slightly outwards or inwards, if the eye-piece is fixed the 
wires are mounted on a frame which admits of a sm.ill motion 
Turning the telescope towards a blight surface, such as an 
illuminated sheet of paper, move the eye-piece or the cross 
wires until you see them distinctly. The eye will be least 
fatigued, if the cross wiies are so placed that their image 
is as far from the eye as is possible, consistently with distinct 
vision 

To focus the telescope turn it towards some distant object, 
and alter the distance between object lens and eye-piece till a 
distinct image of the object is produced at the cross wires. 
Move the head sideways to see that there is no parallax 

If a parallel beam enteis the telescope in such a direction 
that it converges to the central point of the cross wires, a line 
drawn through that central point parallel to the original 
direction of the beam, is the ** line of sight of the telescope. 
If the light comes from a star, the line of sight is the line 
drawn from the centre of the cross towards the star. This line 
of sight should be perpendicular to the axis of rotation of the 
telescope (see p 201) 

In order to adjust the collimator to give a parallel beam of 
light, turn the focussed telescope so as to look straight into the 
collimator tube. Place a luminous burner 10 cms. behind the 
slit of the latter and focus the collimator until the edges of 
the slit look perfectly sharp Place the cross wires on it, move 
the eye to the nght or left and see that there is no parallax. 
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The level of the collimator must now be fixed, so that a 
point near the centre of the slit shall have its image covered by 
the cross wire For this purpose a fine wiie or thread should 
be stretched across the centie of the slit If the level of the 
collimator admits of alteiation, it should be adjusted until the 
image of this thread coincides with the centie of the cross If 
the collimator is fixed, the position of the thread on the slit 
must be altered until the condition is nearly satisfied, great 
accuracy of this adjustment not being essential 

Another method of focussing telescope and collimator is 
sometimes found more convenient, 
as it does not involve removing the 
prism or other apparatus from the 
table This method is based on the 
fact that if a beam of light diverging 
from a point S falls on a prism, the 
distance of the virtual image 8' 
fiom the pi ism is greater the greater 
the angle of incidence of the oiigmal beam If the prism is 
placed in the position of minimum deviation (Fig 86), the 
virtual image will be at the same distance as the object, but as 
the pi ism IS turned in the diiection of the hands of a watch, 
the virtual image will move further away If the distance of 
S from the prism is very gieat, so that a parallel beam of light 
falls on the prism, the rays will remain parallel after refraction, 
whatever the angle of mcidence If the original beam is 
parallel therefore, and only m that case, will the position of 
the pi ism have no effect on the distamce of the virtual image from 
the observer This furnishes a delicate test of the parallelism of 
a beam of light. If the light is not parallel the adjustment 
may be made as follows — 

Place a prism on the spectrometer table approximately in 
the position of minimum deviation Illuminate the slit with 
sodium light and turn the telescope so as to see the sodium 
line Fix the position of the telescope so that when the prism 
IS turned round, the image moves across the field of view and 
comes to minimum deviation ]ust at its edge or a little bejmnd. 
It IS clear that there will now be two positions of the 
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prism for which the sodium hue will be in the centre of the 
field of view In the first position, which we may call the 
^‘slanting position,” the incidence of the beam on the prism is 
greater than at minimum deviation, while in the second which 
we may call the “normal position” the incidence is smaller 
Rotate the prism to the slanting position, and focus the 
telescope caiefully until you see the edges of the slit quite 
ehaiply, it is better for this purpose not to have too nariow a 
slit Now turn the prism into the normal position. If the 
focus IS still good, the collimator supplies a parallel beam. 
But if the image is out of focus, this shews that the collimator 
is not in adjustment, and as we know that the change of 
position of the prism must have brought the image nearer, we 
may remove it to its old position by adjusting the collimator 
When this is done the prism is turned back to the slanting 
position In doing so we remove the image still further, and 
must focus again, but this time with the telescope 

Repeat the p) ocess several times, taking care always to focus 
the telescope when the pi ism is in the slanting position, and the 
collimator when the prism is in the normal position After 
three or four changes it will generally be found that the image 
remains in focus dining the displacement of the piism, and the 
adjustment is then complete 

If the telescope is now directed straight towards the 
collimator, the image of the slit should be in focus at the 
cross wiies, and there should be no parallax on moving the eye 
to the right or left When the piism is in use, if the faces of 
the pnsm are not quite plane, it may happen that the focus is 
slightly diflerent according as light passes through the prism, 
or IS reflected fiom one of its faces. Unless the image is 
rendered markedly indistinct it is best, however, not to alter 
the focus The prisms generally supplied with spectrometers 
of ordinary size are sufiiciently plane not to require any 
readjustment of focus 

We have seen that the line of sight of the telescope should 
be at right angles to the axis of rotation, i.e , parallel to the 
plane of the divided circle 

This adjustment is mure difficult to carry out. Fortunately 
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the errors introduced when the condition is not accurately 
fulfilled are not very great, and unless great accuracy is required 
it need not be carried out. The method is instructive however, 
and should be understood 

In Fig 87 let AB he the axis of rotation, LM the line of 
sight of the telescope Also let HK be a piece of plane parallel 
glass, placed so that a ray of light passing along ML is reflected 
back along the same line LMy % e with HK at right angles to 



U 10 c 


U 

Fig. 87. 

LM If now the nrm 00 D is rotated through two right angles 
round ABy until the line of sight comes into the position L'M\ 
an inspection of the figure will shew that the surface HK will 
no longer be at right angles to L'M\ unless the line LM was 
originally at right angles to AB, 

It remains to be shewn how the line of sight of the 
telescope may be adjusted to satisfy this condition. The 
telescope is provided with an eye-piece havmg an aperture 
at the side, through which light may fall on an inclined piece 
of glass inserted between the two lenses of the eye-piece. The 
light from a luminous burner is reflected from the glass plate, 
and illuminates the cross wires (Fig. 88). 


H 

— ff= 

— , ^ j 

— L— 

K 



Fig 88. 

The light diverging from these wires is converted by the 
object-glass of the telescope into a parallel beam of light, 
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which is reflected from the plane surface HK along its own 
path, if that suiface is at right angles to the line of sight of 
the telescope. An image of the cross wire will be formed, 
which will coincide with the wires themselves if all the 
adjustments are perfect. A slight displacement of HK will 
displace the image of the cross wires, and unless HK is 
approximately in the right position, the image may not appear 
in the field of view at all In making the adjustment proceed 
as follows Place the glass plate on the table of the spectro* 
meter so that the plane of the plate is perpendicular to the 
line joining two levelling screws of the table, and loosen the 
clamping screws of table and telescope Turn tlic table until 
the line of sight of the telescope is, as far as you can judge by 
the eye, at right angles to the glass plate. Place your eye near 
the eye-piece of the telescope, and look at the image of the 
telescope in the glass plate. This image should be in Ime with 
the telescope itself as m Fig 89. 




Fig 90 


If the image points downwards, as in Fig. 90, the plate 
should be tilted backwards by means of the levelling screws 
A little practice will enable you to set the plate nearly right 
m this way by eye. When this is done, clamp the table, place 
a light at the side of the eye-piece, and look through the 
telescope. A small angular movement of the telescope to the 
right or left should now bang the image of the cross wires into 
sight Now level the glass plate till on moving the telescope 
the image of the cross wires coincides exactly with the wires 
themselves. 

The adjustment having been made on one side, turn the 
telescope through two right angles, and see whether the image 
of the cross wires formed by reflection from the other side of 
the plate coincides with the wires. If this is the case, the line 
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of Sight IS at right angles to the axis of rotation as required. 
If not, bring the two images into coincidence by first tilting the 
telescope until their distance apart has been halved, and then 
tilting the glass plate until the images are in coincidence 
Turn the telescope again through two right angles, and if 
necessary repeat the adjustment till the images coincide with 
the cross wires in both positions of the telescope 

If the two images of the cross are not both sharply defined, 
the telescope has not been properly adjusted for parallel rays, 
or the glass plate is not perfectly plane. 

Note, 

In Fig. 91 let G be the centre of the divided circle. In 
any position of the telescope let one of 
the verniers be at A and the other at A\ 
and let 0 be the axis of rotation of the 
telescope. Let the telescope be rotated 
till the verniers are at BB\ Then BOA 
will be the angle through which the 
telescope has been rotated, while BOA 
and EGA' will be the apparent angular 
displacements of the two verniers as read 
off on the divided circle. 

But 

BOA = 20EA = BOA + OEA - OAB 

and 

EGA' = WAE = BOA + OAE - OEA 
Hence by addition BGA 4- EGA' = 2B0A 

which shews that the angle through which the telescope is 
rotated, is correctly obtained by taking the arithmetic mean of 
the angles read off on the vernier scale. 
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DETERMINATION OF THE REFRACTIVE INDEX OF 
A SOLID BY THE SPECTROMETER. 

Apparatus required Spectrometer in adjustment, glass 
prism, small mirror and reading lens, sodium head and flame 

The method used in determining the refractive index of a 
solid IS identical with that explained in the elementary exercise * 
on the same subject, with which the student is supposed to be 
familiar The first step is to determine the refracting angle of 
the prism For this purpose the prism must be placed on the 
table of the spectrometer so that its two refracting faces, and 
therefore their intersection, are perpendicular to the plane of 
the graduated circle The table of 
the spectrometer ought to consist 
of a platform which can be levelled 
independently of the circular scale. 

If this is not the case, the prism 
should be placed on a separate 
support provided with levelling 
screws 

In Fig 92 PQR are the three 
levelling screws, and the prism is placed in the centre of the 
table in such a way that one of the faces, say AG, is at right 
angles to the line joining two screws, say R and Q This 
may be done with sufficient accuracy by eye. To adjust the 
faces of the prism, place the collimator and telescope at a small 
angle to each other, illuminate the slit and turn the table of 
the spectrometer until an image of the slit, formed by reflection 
at AG, appears m the centre of the field. 

The slit should be sufficiently narrow to allow you to place 
the cross accurately over its image , but it is not necessary to 
have it as nariow as you would use it in spectroscopic work, 
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unless you desire to resolve the double sodium line and measure 
the refractive index for each line separately 

The spectrometer table must now be levelled so that the 
image of a thread stretched across the centre of the slit 
coincides with the centre of the cross wires of the telescope. 
The table is then turned till the reflection of the slit is 
obtained from the face AB, and the image of the thread made 
to coincide with the centre of the cross wires by levelling the 
pi ism hy means of the screw P, which is the only one that does 
not alter the inclination of the face AG, but only turns that 
face in its own plane After the face AB has been levelled in 
this way, return to the face AO ^ if you have not originally 
succeeded in placing AO at right angles to QR, you may have 
slightly altered the inclination of the face If so, set it right 
again by the screw Q which least disturbs the face AB 

Going backwards and forwards once or twice will always 
enable you to secure that the two faces are both properly 
adjusted 

Proceed next to measure the angle of the prism Keep 
the telescope fixed, and turn the prism so that the intersection 
of the cross wires lies exactly on the image of the slit formed 
by reflection at one face of the prism Eead both verniers. 
In order to see the vernier divisions distinctly reflect light from 
a gas or electric lamp on to the scale by means of a small piece of 
mirror glass held near the scale Next turn the prism till the 
image of the slip formed by the second face is on the cross wire, 
and again read both verniers If the table has been turned 
through an angle between the two obseivations, the angle of 
the prism is IbO® — 

If in moving from one position to the other, a vernier 
passes over the zero of the scale, 360'" must be added to the 
smallei reading, and the higher reading subtracted firom it. 

Alter the position of the telescope by a few degrees, and 
repeat your observations, obtainmg a second value for the angle 
of the prism, which should agree closely with the first 

This method implies that the table of the spectrometer is 
moveable If it is not so, the method desciibed m the Note 
p 209 must be adopted. 
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Enter your observations as follows : 

Jan 24, 1894. 

Spectrometer A, Prism A. 

Determination of Angle of Pnsm. 

Vernier A. Vernier B 

First position of prism ... 350° 6' 0" 170° 2' 20" 

Second „ „ . . 110° 13' 0" 290° 11' 0" 

Difference . . . 120° 7' O'' 120° 8' 40' 

Mean 120° 7' 50" 

•. Angle of prism .. 59° 52' 10" 

Similarly for the second measurement 

Having determined the angle of the prism proceed to find 
the mimmum deviation for light of the kind for which the 
refractive index of the prism is required, eg, sodium light 
Place a Bunsen burner with a sodium bead in it behind the 
slit, and without altering the adjustment of the prism turn the 
spectrometer table so that the light coming fiom the collimator 
IS refi acted through the pi ism Find the refracted image of 
the slit in the first place by eye, and follow the image while 
the prism is slowly turned round till the position of minimum 
deviation is found roughly When this is done bring the 
telescope into this position, and find the image of the slit in 
the telescope. Watch this image while the table of the spec- 
trometer IS slowly turned If the direction of rotation is 
properly chosen, you will find the image moves slowly 
m the plane of deviation, comes to a standstill, and moves 
back again Leave the prism in the position for which 
the deviation is least, place the cross wires of the telescope 
approximately on the image, clamp* the telescope and adjust 
the cross wires more accurately by means of the slow motion. 
Now turn the pnsm agam backwards and forwards, making 
sure that the centre of the image of the slit just comes up to 
the centre of the cross wires, but does not pass beyond it. 
Adjust the telescope if necessary until you are quite satisfied 
that this IS the case, then clamp the table of the spectrometer. 


* See remarks as to dampmg, <&o , p 196. 
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Now read both verniers Kemove the prism, nnclamp the 
telescope, turn it so as to point directly towards the colli- 
mator, and adjust it until the image of the slit is bisected by 
the cross wires Read the verniers to determine the position 
of the telescope when there is no deviation of the ray The 
ditference in the readings in this position and in the position 
of minimum deviation gives the angle of minimum deviation. 

Obtain two independent readings of the position of minimum 
deviation so as to secure accuiate results. 

When the spectrometer table is fixed, it is not mateiial 
whether the direct reading is taken before that of minimum 
deviation or vice versd But when the graduated ciicle moves 
with the spectrometer table the above order must be adhered to 
For it has already been pointed out that correct values will m 
that case only be obtained if either the telescope only, or the 
table only, is turned round between two readings As the 
adjustment to minimum deviation necessaiily involves the 
turning round of the table, this should be done hrst and the 
table be clamped before the telescope is moved round to take 
the direct reading 

The observations are entered as follows — 

Determination of Minimum Deviation 


Pnsm at minimum deviation 

Vernier A Veinier B 

143° 40' 00" 323° 40' 40" 

Direct reading 

94° 13' 00" 274° 14' 20' 

Angle of minimum deviation 

49° 27' 00" 49° 26' 20" 

49° 26' 40" 

Similarly for the second experiment 

Angle of minimum deviation 

40° 27' 40" 

Mean D . . 

49° 27' 10" 

Angle of prism a 

69° 62' 10" 

D + a 

= 109° 19' 20" 

(i) + a)/2 

= 54° 39' 40" 

a/2 

= 29° 56' 05" 


D “f a 


n = 1-. = 16347. 

a 

smg- 
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The observations should be sufficiently accurate to give the 
third decimal place with certainty, and the fourth decimal 
place with fair accuracy The numerical calculation should be 
carried out with a table of seven figure logarithms 

Calculate the error produced m n on the supposition that 
an erior of half a minute has been made, (a) in the measure- 
ment of the angle, (6) m the determination of the minimum 
deviation. 


^ Note, 

If the table of the spectrometer is not moveable, the angle 
of the pi ism may be measured as follows — Place the pi ism 
with its refracting edge towards the collimator in such a 
position, that about half the beam of 
light falls on one and half on the other 
face of the prism A reflected image 
may now be obtained from each face, and 
if the telescope is first placed so as to 
point to one image, and then turned until 
it points to the other, the angle through 
which the telescope has been turned is 
twice the angle of the prism In Fig 93, let I be the virtual 
image of the slit foimed by the collimator, ABC the prism, /j 
and /a the two images formed by reflection at the faces AB 
and AC ol the prism By the laws of reflection we have the 
angles 

IAI,^21AN, 
lAl, = 21 AN, 

The images and I, therefore subtend an angle 2a at the 
refracting edge A, and if the telescope is pomted first towards /, 
and then towards /a, the angle thiough which it turns will be 
2a, if the axis of rotation of the telescope is at A, or if / is at 
an infinite distance. Hence, in order that this method should 
give correct results, the collimator ought to be well adjusted 
for parallel light, and to correct any error due to a faulty 
adjustment, the refracting edge should be placed nearly over 
‘ s ^ 14 
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the axis of rotation of the telescope. The errors introduced may 
otherwise be quite appreciable If, for instance, the distance 
between the refracting edge and the axis of rotation is one 
centimetre and the image of the slit at a distance of 50 metres, 
which IS quite possible if the collimator is of ordinary size, the 
error may amount to over a minute of arc 

Quite apart from this source of error, which might be 
avoided, the method is not a good one, for each image is 
formed by an unsymmetrical beam of light, filling at the 
utmost only halt the telescope len^ and serious eriors may 
creep m due to the aberrations of the lenses. 



SECTION XLTII 


DETERMWATION OF THE INDEX OF REFRACTION 
OF A LIQUID. SPECIFIC REFRACTIVE POWERS. 

Apparatus required: Spectrometer, hollow glass prism, 
alcohol, thermometer, Bunsen flame, and sodium head 

When the index of refraction of a liquid is to be determined 
the liquid is placed in a hollow prism the vertical sides of 
which are two plates of glass If these glass plates are accu- 
rately plane parallel they produce no deviation of the rays of 
light passing through them, and the deviation observed is due 
to the liquid only. Hence the angle of the prism of liquid may 
be measured, and the refractive index determined by the devia- 
tion, just as in the case of a solid glass prism If the plates 
of glass are slightly prismatic their effects on the apparent 
angle and deviation must be eliminated To enable this to be 
done they are not cemented to the rest of the pi ism, but are 
made moveable, and are kept in position by rubber bands or by 
clips After observations of the angle of the prism and of the 
deviation have been made each plate is rotated about its normal 
through 180° and the observations repeated. The means of the 
two sets of observations of the angle and of the deviation are 
the requiied angle and deviation of the liquid prism. 

Clean the prism provided, and fill it with absolute alcohol 
at the temperature of the room 

As the pi ism may leak a little, it is not placed directly on 
the table of the spectrometer, but m a shallow metal dish which 
stands on three short legs on the table, and itself supports the 
pnsm at three points 

The adjustment of the prism and the determination of the 
angle and deviation are made as in the previous section. In 

14—2 
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determining the angle the stronger of the two reflected images 
of the slit seen in the telescope should be used in each case. 
It IS formed by reflection at the air-glass surface, while the 
weaker is formed by reflection ar the gla&s-liquid surface. 

The glass plates forming the sides ot the prism are then 
rotated as described above and the observations repeated Each 
plate IS provided with a mark, the position of which should be 
recorded, along with the observations 

The mean deviation D and the mean angle a are then 
found and the refractive index calculated from them m the 
usual way 

Enter your observations and results as follows — 

16 October, 1895 
Prism IL Absolute Alcohol 
Determination of deviation produced by prism when the 
marks on the glass plates are near angle of prism — 

Vernier A Vernier B 

With prism 229° 5' 0" 49° 4' 30" 

Without „ 23 9 0 203 7 30 

25" 56' 0" 25" 57' 0" 

Apparent deviation ... ... 25" 56' 30" 

Determination of angle of pnsm when the marks on the 
plates are near angle of pnsm — 

First position ... 246" 29' 30" 66° 29' 30" 

Second „ ... 126 29 0 306 29 3 0 

Difference . . 120 0 30 120 0 0 

Mean 120" 0' 15". 

.•. Apparent angle of pnsm = 59° 59' 45". 

Give similarly the readings of the verniers when the plates 
have been rotated and the marks are near the base of the prism, 
and collect the results as follows • — 

Mean minimum deviation = D . 25" 36' 30" 

Mean angle of pnsm == a ... 69 61 42 

.• Refractive mdex 1 3635 

Temperature of alcohol . . ... 1 8" C. 

Refractive index calculated from re- 
fractive powers 


1365 
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If greater accuracy is required several measurements should 
be made and the mean of the results taken. 

The observed refractive index may be compared with the 
index calculated by a method founded on the following facts — 

If IS the refractive index and d the density of a substance, 

the value of the expression is called by Gladstone the 

specific refractive power of the substance It is not sensibly 
altered by variations of temperature or pressure, but changes 
when the substance passes from the liquid to the gaseous state. 
Lorenz and Lorentz have from theory deduced another expression, 


namely, 


1 


which remains nearly constant, even when 


2 ’d’ 

the substance changes its state For the purpose of this 
exercise it will be sufficient to use the former expression, as 
it more easily lends itself to numerical calculation The refrac- 
tive power varies with the wave-length of the light used, and 
we shall take to refer to sodium light. 

It 18 found by experiment, that the refractive power of a 
mixture of substances is equal to the mean refractive power of 
the constituents Thus, if jpi, pj, 2 ?*, &c, grams, of a number of 
liquids are mixed together, we have 


I ””” I I I o 

P— rr- ^+^2 -^-+P5— +&C., 

and (iV*— l)/i) IS the refractive 


B 


where P = + • 

power of the mixture. 

It has also been found, that for a compound, the molecule M 
of which contains atoms of an element the atomic weight of 
which IS mi, atoms of an element the atomic weight ot wffiich 
IS ma, and so on, the weights of the different elements in the 
combmation being therefore njmj, n^ma, etc, we have 




1 


d 


1 Oz— JL o 

1- Tlj A/lg J -f- &C, 

di Ota 


If we call 771, the atomic refractive power of the first 
element, and designate it by r,, and so on for the other elements. 
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and the molecular refiactive power R of the compound, 

d 

we have then the equation 

= niri + W 2 rj-f &c, 


or in words • — the refiactive power of a compound is the sum of 
the products formed by multiplying the atomic refractive power 
of each element by the number of atoms of that element con- 
tained in the molecule of the compound 

We cannot directly determine the atomic refractive power 
of an element entering into a compound, but we may find it in- 
directly. If, for instance, we take three compounds containing 
carbon, hydrogen, and oxygen in diffeient proportions, we obtain 
three equations to determine r^, and the atomic refractions 
of carbon, hydrogen, and oxygen respectively, and if we find that 
the refractive indices of other compounds may be determined 
with the help of the values so found, we shall have justified the 
above statement. It appears, however, that the way in which 
an atom is combined affects its refractive power, and to obtain 
consistent results it is necessary to assume, for instance, that 
oxygen in the carbonyl group has a different refiactive power 
from the hydroxyl oxygen. 

Calculate the refractive index of ethyl alcohol CaHgO, 
making use of the following numbers 


Atomic refraction of H (H = 1) 

„ „ of 0 in alcohols (0 = 16) 

„ „ ofC(C = 12) ... 

Density of ethyl alcohol, at 20° = ... 

Coefficient of cubical expansion = . . 
Calculated index of alcohol at 18° C = 
Measured „ ,, = , 


147 
2 65 
4 71 
788 
•0010 
1359 
1363 



SECTION XLIV 

PHOTOMETRY 

Apparatus required : PJiotometer^ scale, sperm candles or 
a standard electnc lamp, and gas4amp. 

The photometer is an instrument for comparing the illu- 
minating powers of diffeient sources of light. One of the 
most accurate loims of the instrument is that in which the 
two sources are placed on opposite sides of a screen capable of 
partly reflecting and paitly tiansmitting the light from each 
source. When this scieen is placed in such a position that the 
straight lines drawn from it to the two sources make equal 
angles with the scieen, and the illumination of the two sides 
of the screen appears the same, the amounts of light to be 
compared are to each othei as the squares of the distances of 
the sources from the screen 

The standard source is a sperm candle flame consuming 
120 giains of sperm pei hour, and the standard direction any 
line m a horizontal plane It the consumption of sperm differs 
from the standard rate by less than 10 grains per hour, the 
illuminating power may be taken as proportional to the con- 
sumption 

Candles are too variable to provide an accurate standard 
and an incandescent electric lamp standardised and run at a 
stated voltage is generally substituted. In what follows it is 
supposed that candles are used 

Arrange the two sperm candles, the photometer, and the 
gas flame provided, in a straight line in the order named, the 



216 


LIGHT 


XLIV 


two candles being mounted about 5 cms apart in a direction 
perpendicular to the straight line, on a stand capable of moving 
along a graduated scale parallel to the line, Fig 94 Place the 



gas flame at some convenient fixed distance from the photo- 
meter screen, say 1 metro, with a flat surface towards the 
screen, light the candles and after a few minutes move them 
backwards and forwards along the scale, till the illumination 
of the two sides of the photometer screen is equal If the 
simple Bunsen screen is used, this is the case when the serai- 
opaque and semi-transparent parts of the screen appear of equal 
bnghtness, and if the Lummer-Brodhun instrument^ is used, 
when the inner and outer parts of the field of view of the 
telescope through which the screen is viewed appear of equal 
brightness If it is not possible to produce equality of brightness 
without moving the candles inconveniently near to or far from the 
photometer, increase or decrease the distance of the gas flame. 

Blow out the candles, weigh and replace them, and at a 
given instant relight them Move them till equality of 
brightness of the screen is produced, and determme the 
distance of the candles from the screen by reading the scale 
position of a point vertically under the candles If the 
photometer screen can be reversed this should be done and 
equality of illumination again secured by moving the candles 
Their position should again be lead on the scale These 
observations should be repeated three or four times and the 
means taken 

Rotate the gas flame so that the flat surface is now inclined 
at 45° to the line drawn to the photometer, and repeat the 
observations. Rotate the flame again through 45° so that the 
edge IS presented to the photometer, and repeat. Continue 
^ Tins IB the mstrument shewn in Fig. 94. 
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the rotations and observations till those first taken have been 
repeated 

Blow out the candles, noting the time, and again weigh 
them ^ 

Record as follows — 


19 Jan, 1897. 

Tulip gas-burner. 

Distance D of gas flame fiom photometer screen = 80 cms. 
Weight of candles when lighted at lOh 40m 154 2 grams. 

„ „ „ „ blown out at llh 10m 146 0 „ 


Sperm consumed in *5 hrs. 


Candle power ot candle8 = X = 


127 

5 X 120 


f 8 2 gins 
1 = 127 grains 

= 2 12 standard 


candles 


Gaa flame 

Mean 

distances of 
candles from 
screen =d 

di 

Di 



Candle 

power 

Flat (1) 1 

(1) at 46“ j 

Edge (o) j 

(2) at 46° 1 

Flat (1) 1 

40 cms 

38 „ 

1600 

1524 

6400 

dC 

4 0 

4 2 

8 48 

8 91 

i 

j 8 69 

1 

i 

i 

i 


Represent these results graphically as follows — 

Draw a plan of the gas flame as seen from above, and draw 
from the centre of the plan lines through the edges, and lines 
inclined at 45® and 90® respectively to the surfaces of the flame. 
Along each line take a length proportional to the candle power 
observed in its direction. Join the points so determined by a 
smooth curve This is known as a “honzontal photometer 
curve” for the flame. By taking observations in directions 
inclined at intermediate angles it can be drawn with greater 
accuracy. 
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INTERFERENCE OF LIGHT. 

Apparatus required : Bunsen flame, sodium head, slit, 
biprism, micrometei microscope, metre scale 

When two beams of homogeneous light coming from the 
same souice cross each other after having described paths 
differing in length, the vibrations due to the two may be in 
opposite directions and neutralise each other at certain points 
of the region where the beams cross At such points the joint 
action of the two beams will produce partial or total darkness, 
and if a screen is placed in this region, a series of light and daik 
interference ” bands will be seen on it 

In the case in w hich the source of light is a narrow vertical 
slit behind which a sodium flame is placed, and the two beams 
are produced by the passage of the light from this slit 
through a double prism the section of which is indicated 
in Fig 95, the distance x between consecutive dark 
bands on the screen, is related to the wave-length \ of 
the light, the distance a of the slit from the screen, and 
the distance apart c of the two virtual images of the slit Fig 95 . 

formed by the biprism, by the equation • 

This method of producing interference bands may therefore 
be used to determine approximately the wave-length of light 

The experiment is performed on an “optical bench,*’ a 
simple form of which is shewn in Fig. 96. 

The slit consists of two brass plates with straight bevelled 
edges, attached by screws to a wooden stand provided with 
levelling screwa 
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The brass plates should be adjusted so that their edges are 
about 1 mm. apart and parallel to each other. This is most 



easily done by placing a strip of thin writing paper between 
the edges, pressing the plates together and screwing them 
firmly to the wood, and then removing the paper 

The bipnsm is mounted on a similar stand 

The micrometer microscope consists of an eyepiece mag- 
nifying a few times, across the focal plane of which a ci oss wire, 
or by preference a pointed vertical needle, can be moved by 
means of a screw with a graduated head on which the number 
of turns can be read The arrangement is mounted on a heavy 
wooden base. 

The three stands descnbed above slide along a wooden 
bench provided with a groove in which two levelling screws 
of each stand slide, and with a graduated scale. 

Place the slit vertical at one end of the stand, and the sodium 
flame behind it, about 15 cms in front place the bipnsm, 
and about 45 cms in front of the bipnsm the micrometer eye- 
piece If the slit, edge of bipnsm, and centre of fi(3ld of view 
of the eyepiece, are in a line, and the edge of the prism is nearly 
parallel to the slit, a senes of light and dark vertical bands 
should be seen on looking through the eyepiece If no bands 
are visible move the bipnsm Jiackwards and forwards along the 
bench and tilt it slightly in its own plane till bands are 
visible. Now watch the bands and continue the tilting by 
means of the single screw at one side of the bipnsm stand 
Stop the tilting when the bands are most distmct The edge 
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of the bipnsm will now be parallel to the slit The bipnsm 
and eyepiece should now be moved along the bench till the 
bands are both distinct and at a convenient distance apart for 
measurement When this is the case adjust the reference 
mark m the focal plane of the eyepiece to the centre of a light 
band, read the screw head, move to the next band, read, and 
repeat the process for 5 bands to the left of the centre, then 
omit 5 bands, and read the positions of the next 5. 

Place a metre scale over the slit, bipnsm, and eyepiece 
stands, and determine their distances apart. 

Record as follows : — 


2 May, 1900. 
Sodium Flame 


Band 

Beading 

Band 

Beading 

1 

37 72 

11 

4148 

2 

38 12 

12 

41 85 

3 

38 54 

13 

42 20 

4 

38 84 

14 

42 59 

5 

39 25 

15 

42 93 

Mean 

38 494 


42 210 

Difference 


3716 



Difference for 10 bands ... . 3 716 scale divisions 

1 scale division =05 cms 

Distance apart of bands ... = *0186 cms. 

To determine the distance apart of the two virtual images of 
the slit formed by the bipnsm, place a lens of about 7 cms 
focal length, provided with a stop of about 5 cm diameter, in 
such a position between the bipnsm and eyepiece, that the 
two images of the slit are in focus. Measure the distance of 
the images apart by the micrometer, and the distances of the 
lens from slit and eyepiece by the metre scale. If a second 
position of the lens can be found for which the images are 
again in focus repeat the observations. 
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The virtual images since they are formed by prisms of small 
refracting angles for nearly normal incidence, are at the same 
distance from the prism as the object If therefore u is the 
distan^^e of the slit from the lens, it will also represent the 
distance of the virtual images from the lens The measured 
distance between the real images in the focal plane of the eye- 
piece being Cl, the distance between the virtual images will be 
given by c= Ciujvy when v is the distance between the lens and 
the focal plane of the eyepiece* For a second position of the 
lens, if C 2 18 the observed distance between the images, c = c^vjiL 
Either of these observations will give c, but the measurement 
of u and v may be avoided altogether, for if we multiply the 
equations together we have c = VciCj. 

Arrange observations and work as follows — 


Distance of lens from 

Distance of images 
apart 


8llt = tt 

screen =t; 

Scale 

divisions 

cms 

e 

19 7 cm 

40 2 

40 3 cm 

19 8 

7 80 

1 93 

390 

0915 

CjC2 

191 

189 

•189 

Mean 

•190 


tfc 4 - V = 60 0 eras = a 


xc 

a 


= -000,0589 = 5-89 x lO"* eras. 
oU 


Known wave-length of sodium light = 6 893 x 10~* cms. 



SECTION XLVI. 

MEASUREMENT OF THE WAVE-LENGTH OF LIGHT 
BY THE DIFFRACTION GRATING 

Apparatus required: Spectrometer, diffraction gratinq, 
Bunsen flame, and sodium head 

When a beam of homogeneous light diverging from a point 
passes through a transparent plate on one suilace of which a 
series of equidistant fine parallel lines has been ruled, the 
emergent light appears to diverge from a number of virtual 
images, one of which is coincident with the luminous point, the 
others, which he on either side of the liimmous point, are called 
diffraction images The surface on which the lines are ruled is 
called a ditfr action surface or grating. 

The connection between the relative positions of the various 
images, the distance apart of the lines, and the wave-length of 
the light transmitted, can be calculated, and experimental 
observation will therefore furnish a means of measuring the 
wave-length of light 

In the case of a thin parallel plate of a transparent medium 
with equidistant parallel lines ruled on one surface, if the light 
incident on the ruled surface is a parallel beam, each diffracted 
beam will also be a parallel one, and will be deviated by the 
angle 6, where wX = 6 sin 6, n being an integer called the order 
of the image, and b the distance of the lines apart measured from 
centre to centre Hence if the grating is placed on the table 
of a spectrometer, the collimator of which furnishes a beam of 
parallel light, and the telescope of which is focussed for parallel 
rays, the whole of the images will in turn be visible through 
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the telescope as it is moved fiom one side to the other The 
deviation of each diffracted beam may therefore be deter- 
minated on the graduated circular scale of the instrument. If 
a narro^ illuminated slit is used instead of a luminous point, 
the images will be linear 

Adjust the spectrometer as described in section XLi 
Place a sodium flame behind the slit. Using the Gauss 
eyepiece in the telescope direct it towards the collimatoi 
adjust the centre of the cross wires to the image of the slit 
and clamp the telescope. 

Place the diffraction grating on the table of the instrument 
with the plane of the ruling perpendicular to the line joining 
two of the screws of the table 

Kotate the table till the image of the cr6ss wires formed by 
reflection at the surface of the grating is seen in the field of 
view. Adjust the table by means of the levellmg screws till 
the reflected and direct images of the wires coincide The 
grating is then perpendicular to the axis of the collimator and 
telescope. 

Remove the Gauss and substitute an ordinary eyepiece 
Rotate the telescope till the first diffracted image is on the 
cross wires If it is indistinct the screw of the table which 
will tilt the lines of the grating in their own plane, should be 
rotated till the image is as distinct as possible The width of 
the slit should then be varied till the two sodium lines are 
resolved quite distinctly. 

Adjust the telescope by means of the tangent screws till 
the centre of the cross wires coincides with one of the lines, 
and read the vernier of the circular scale. Adjust to the other 
line and again read. Now rotate the telescope, adjust to the 
diiect image and read the circular scale Then rotate further 
in the same direction till the first difirsicted image on the other 
side IS seen adjust and read the scale for each line. Again 
return to the direct image and take readings By rotating 
still further m each direction, the 2nd, 3rd, &c images may be 
found and their positions read. 

To obtain the wave-length of light the distance h between 
the Imes must be known. In an absolute determination the 
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most difficult part of the measurement consists in finding this 
distance. It may be determined by comparing it by means 
of a microscope, with a stage micrometer scale graduated in 
•01 mm , using a high power objective, then comparing th^ 
micrometer scale with a millimetre division on a standard 
meter scale, using a low power objective. In the present 
exeicise h will be assumed to be known. 

Record the observations as follows . — 

6 Jan., 1899 

Spectrometer A Giating A. 

Most refrangible Sodium line. 



Vernier A 

Vernier B 

First Older, right 
Direct reading 

First order, left 
Deviation, right 
„ left 

„ mean 

202** 11' 30" 
179 10 30 

156 9 30 

23 1 00 

23 1 00 

23 1 00 

22“ ir 00" 
359 10 00 

336 9 30 

23 1 00 

23 0 30 

23 0 45 


Mean deviation for first order spectra ... 23° 0' 52" 

Similarly for the other line, and for the spectra of the 2nd 
and higher orders. 

Tabulate results as follows — 

6 Jan, 1899, 

G ating space of ^ ... = 6 = 00015062 cma 


n 

Angle of deviation 

sin 6 

Bin 6 





n 

n 

1 

23“ 0'52" 

3909 

3909 

000,05888 

2 

51 25 0 

•7817 

•3908 

•000,05887 

Mean 

•000,05888 


If the telescope is now turned to one of the first order 
images, and the table on which the grating is placed is slowly 
rotated, it will be seen that the position of the image, and 
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therefore the deviation, change A position of the grating can 
be found for which the deviation is a minimum Adjust the 
telescope on the image when least deviated, and read the 
verniers Keeping the table fixed, rotate the telescope till 
the direct image is seen Read the verniers Now rotate 
table and telescope till the minimum position of the first 
image on the other side is found, and repeat the observation 
of the deviated and of the direct image. 

The minimum deviation <jf) is connected with X and b by the 


equation 26 sin - = nX, hence X may again be 
Tabulate as follows — 


determined. 


First order spectra. 


Vernier A, 


Vernier B 


Deviated reading right 202'' 42' 0" 22° 42' 30" 

Direct „ 180 8 30 0 10 0 

Deviation to nght . . = 22° 31' 30" 22° 32' 30" 

Mean = 22° 32' 0" 

Deviated reading left = 

Direct . „ ... = &c. 

Deviation to left ... = 

Mean ... . = 

Mean deviation for first order spectra = 22° 32' 3 5". 


Similarly for the second order spectra, collecting the results 
in tabular form as follows — 

6 January, 1899. 




<t> 

0 

1 

26 0 ^ 

n 

4> 

2 

sml 

-8m ^ 
n 2 

n 2 

1 

22" 32' 15" 

ir 16' 7" 

•1954 

•1954 

•000,06887 

2 

46 2 0 

23 1 0 

•3910 

1965 

6889 

Mean 

•000,05888 


By using the grating so that the diffraction images are 
formed by rays leflected at the ruled surface, further deter- 
minations of X may be made, 
s. p. 


15 
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SECTION XLVII. 

ROTATION OF PLANE OP POLARISATION I 

Apparatus required : Two NicoVs prisms, two tubes with 
glass ends, Rochelle salt, a lithium and a sodium flame. 

When a beam of homogeneous plane polarised light is 
transmitted through certain solids, liquids, and solutions, it 
IS found that the plane of polarisation is rotated thiough 
ail angle R proportional to the length I of the path of the 
lay in the substance, to the density d of the substance, and 
dependent on the nature of the substance and of the light used, 
le R = d,l.p, where p is known as the specific rotatory power 
of the substance for the light used In general p increases as 
the wave-length of the light used decreases, hence the necessity 
foi homogeneous light in making measurements 

The object of the present section is to verify the laws of 
lotation of the plane of polarisation of light by solutions of 
ceitain substances in a liquid which does not itself produce 
rotation In this case the rotation is very nearly proportional 
to the mass of dissolved substance per cc of the solution 
The rotation produced by a layer 1 cm, thick of a solution 
containing 1 gram per c c is called the specific rotatory power 
of the substance dissolved, for the kind of light used. 

If a solution contains mice a grams of a substance the 
specific rotatory power of which is p, and a beam of homogeneous 
plane polarised light passes through I ems of the solution, and 
R IS the rotation of the plane of polarisation produced, then 

jR = a I p. 

Take about 75 cc of water, add to it 20 grams of Rochelle 
salt KNaC 4 H 40 «. When the salt has dissolved add water till 
the volume = 100 c c 

If Rochelle salt is not available add 10 grams of sugar to 
85 cc. of water. When the sugar has dissolved dilute the 
solution till its volume = 100 c c. 

If the sugar solution is coloured, mix with it about 2 grams 
of bone black, allow it to stand a few minutes and then filter 
If the filtrate is then bright and clear it may be used 
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Arrange the solution tube provided, which is a glass tube 
closed at the ends by moveable plane glass discs, and two 
mounted Nicohs prisms, in such a way that the light of a 
Bunsen flame containing a bead of a sodium salt can be seen 
through the tube and prisms. 

The JNicol without the ciicular scale is to be placed between 



the flame and one end of the tube, ^ e used as the ** polariser,’* 
and that with the index and circular scale graduated in degrees, 



Fig 98. 


placed between the other end of the tube and the eye, % e used 
as the “ analyser,’* Figs 97 and 98. 

A thin sheet of yellow glass may be placed between the 
flame and polariser to cut off the blue light of the flame, and if 
necessary a lens may be used between the analyser and the eye. 

Wash out the tube thoroughly, and after fillmg it with 
distilled water pla6e it between the prisms and rotate the 
analyser till no light passes through the system. This will 
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be the case when two lines similarly placed in the NicoFs and 
at right angles to the line of sight are also at right angles to 
each other. Read the circular scale on the analyser. 

Repeat the observation several times, approaching the point 
of extinction from opposite sides each time, and take a mean of 
the results 

Dry the tube by passing through it a plug of cotton-wool, 
and then fill it with the salt or sugar solution, place it between 
the prisms, and determine as before the position of the analyser 
when no light passes. Repeat, and take the mean 

The difference between the two means is the rotation 
of sodium light produced by the solution 

To test the truth of the law expressed by the equation 
R =:a,l p, take 20 c c of the solution, and dilute to 40 c c. 
Fill a tube with this solution, and determine the rotation 
produced. It should be half the amount previously obtained 
Wash out another tube, fill with the solution, and place 
it between the prisms so that the light now passes through 
the two tubes m succession Determine the reading for 
extinction The rotation produced by both tubes will be 
found to be double that produced by one, and equal to 
that produced by one tube of double the strength 

Substitute a lithium flame for the sodium flame and 
determine the rotation produced by a tube of the original 
solution. It will be found less than that for sodium light 
Wash out the tubes thoroughly before putting away the 
apparatus 

Arrange your results as follows — 

17 Oct, 1895 

Rotation of plane of polarisation by sugar solution. 


A, Sodium Light, 

Reading for darkness, with water tube 167 2* 

„ „ with original solution 156 4“ 

Rotation for original solution ... ... =10 8® 

Reading for darkness, with solution of half strength ... =- 161 T 

Rotation for solution of half strength . = 6 5* 

Reading for darkness, with 2 tubes of solution of half strength = 166 1* 

Rotation lor double length of solution of half strength 11 ’I* 


B, Lithium Light as above 



229 


SECTION XLVIIL 

EOTATIOK OF FLAKE OP POLARISATIOK II. 

Saccharimetry, 

Apparatus required : Laurent or other polanmeter, sugar, 
and sodium flame 

With the appaiatus used in the previous exercise the eye 
has been called upon to judge the point at which the minimum 
light passed through the Nicol’s prisms As the estimation 
of the exact position for a minimum is difficult and the 
practical determination of the amount of sugar in a sample 
18 made to depend on its power of rotating the plane of 
polarisation of light, several instruments have been devised 
for getting over the difficulty, one of these being the Laurent 
polarimeter provided. By their means it is possible to estimate 
the position oi extinction to a small traction of a degree. 

The Laurent instrument is arranged as shewn in Figs 99, 

100 . 



Fig 99. 


The light from the Bunsen burner A, in which a bead of a 
mixture of equal parts of sodium diborate and common salt 
is placed, passes through the lens the small hole in the 
diaphragm G, which is covered by a thm plate of bichromate 
of potash to cut off all but the yellow light, and falls on the 
lens and Nicol prism D. The plane polarised light which 
emerges from the Nicol falls on a plate of quartz E, which 
covers half the field. The quartz plate is cut so that the 
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optical axis is parallel to the edge which bisects the field The 
plane polarised light falling on the plate is decomposed into 
two rays, one polarised in a plane parallel to the edge of the 
plate, the other in a plane perpendicular to this edge The 
two rays traverse the plate with different velocities, and the 
thickness of the plate is so arranged that a difference of phase 
of half a wave-length is produced The effect of this is, that 
if the light passing through the uncovered half of the field 
lb polansed, say in the direction CA inclined at an 
angle 0 to GB the edge of the quartz plate, then that 
which has passed through the plate is polarised in 
the direction CA' such that BGA' = BOA. On looking 
through the analysing Nicol K of the eyepiece, the two 
halves of the field will appear unequally bright, unless 
the principal plane of the analysing Nicol makes equal 
angles with the directions GA, GA\ te, is either parallel or 
perpendicular to GB. If it is parallel to CB the halves are 
equally bright, if perpendicular equally darlv The dark position 
is the one made use of, and the instrument is more sensitive 
the smaller 6 is consistently with sufficient light passing 
through the apparatus Generally 6 does not exceed 2® 

Adjust the eyepiece till the dividing line between the fields 
is seen distinctly when one half of the field is dark and the 
other light. 

The Nicol D is connected to a horizontal moveable arm, 
shewn in Fig 100, and may be rotated within certain limits In 
order to get the position of greatest sensitiveness, determine 
first the position of the arm when the two halves of the field 
are equal m brightness whatever be the position of the Nicol K 
This should be done with an empty tube at F Now rotate 
D through a small angle not exceeding 2° by means of the 
moveable arm It will then be found that the two halves of 
the field are equally dark for a certain position of Ky the left- 
hand half increasing, the other decreasing, in brightness if K is 
moved in one direction, and the right-hand half increasing, the 
other decreasing, if the lotation is in the opposite direction 

By means of the rotating screw Q, adjust the vernier to 
read 0, and by means of the tangent screw jff, rotate K till 
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equality of fields is again produced. The instrument now 
reads 0 when no active material is present 

Insert at jP a tube filled with distilled water, and determine 



the reading for equality of the fields, the adjustment being 
made alternately from opposite sides of the position of equality. 
This reading should still be 0 if the water was pure, and the 
glass ends of the tube unstrained. 

Now insert a tube filled with a sugar solution containing 
10 grams of sugar per 100 c c made and clarified according to the 
instructions, p 226, and take readings several times as before 

The sample of sugar from which the solution has been 
derived may contain both cane sugar and mvert sugar, and 
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impurities which will be assumed to be inactive. The cane 
sugar rotates the plane of polarisation to the right, and the 
invert sugar to the left. The observed rotation will be due 
to the difference of these effects 

To determine the amount of each constituent present, we 
make use of the fact that when cane sugar is heated gently 
with acid it is converted into invert sugar, so that the whole 
of the sugar then present in the solution is invert sugar 
From the two observations of the rotation the amount of 
each constituent present can be calculated. 

Take 20 c c. of the original solution of sugar in a flask, add 
to it 01 grams of strong hydrochloric acid per gram of sugar 
present, te in the present case about 2 drops, add water till the 
volume is 22 cc, and warm gently for 10 minutes, keeping the 
temperature about 70° C 

Cool the resulting invert sugar solution by placing the flask 
for 10 minutes in cold water, and after its temperature has 
fallen to about 20° C. note the temperature, insert the solution 
in the tube, and determine the rotation produced 

Let jRi be the rotation observed with the original sugar 
solution, and let R 2 be that observed with the invert sugar, 
rotation to the right being considered positive and to the left 
negative Let pi be the specific rotatory power of cane, pa that 
of invert sugar, and let Oi grams of cane sugar and grams 
of invert sugar be present in 1 gram of the sample. 

Then in the first experiment. 




lOdi 

W 




20 


— ^pidi "i" 2p2 0c^ 

and in the second experiment, 


(U 


7 ? _ 112 ^ 

^’( 100 ' 342 '^ 100 , 


22 


20 . 


The factor 360/342 bemg due to the change from CuHjsOu 
to CiaH^Ou m inversion of the sugar, and the factor 20/22 due 
to dilution with acid. Reducing we have 

I'liJ, = 2p, {a, 360/342 + 02 } 


( 2 ) 
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Subtracting (2) from (1) we have 


Hence 


Oi ~ 


^1 — I'liJa - _ i2i/2 — piOj __ 1 045J!?2 Pi — jRi/>a 

2 105/), > 2p, ( 95/), - /),)■ • 


The quantity pi has been found to be nearly independent of 
temperature Its value is + 6 65 degrees 

p 2 is negative and depends on the temperature t Its value 
for sugar inverted m the way described is ~ 2 00 4- 031 {t - 20) 
degrees 

Record observations and results as follows — 


16 Jan, 1896. 

Solution containing 10 grams of sample per 100 cc. 
Reading with water in tube ... 0° 10' to right. 

Do sugar solution ] 

12°44', 12“60', 12"50', 12°44') ’ ” ” 

. . Rotation at temp 18° C 12° 37' „ „ 


Reading with invert solution] oo.rv/i. i r. 

8* 20', 4- O', 3- 85'. 3- ly } ® 


Rotation at 18° 5' C. 


3° 50' 


Value of /), „ „ = — 2°04 

R, = 12°62, 7e, = -3°83. 


Hence 


12 62 -1-1 (-3 83) _1683_.- 
“'“1330-2105 (- 204)"17 59“ 


31 - 639 ^^^ 
2 04 2 


Or the sample contains 967« of cane sugar and 4% of 
invert sugar 

Wash out the tubes thoroughly with tap water before putting 
away the apparatus. 



234 


BOOK VI. 

MAGNETISM AND ELECTRICITY. 


SECTION XLIX. 

THE MEASUREMENT OF MAGNETIC FIELDS. 

Apparatus required : Mirror magnetometer, lamp and 
scale, bar magnet, and vibratim box 

The intensity of the magnetic field at a point is measured 
numeiically by the force on a unit pole placed at that point. 
It can therefore be represented by a straight line, the direction 
of the line representing the direction, and the length representing 
the intensity, of the force If two fields are superposed on each 
other the intensity of the combined field may be obtained in 
the same way as the resultant of two forces If OP, Fig 101 a, 
represents the direction and magnitude of the magnetic force 
on a unit pole placed at 0, due to one of the fields, and OQ 
that due to the other, the combined effect will be represented 
by the diagonal OB of the parallelogram OPQR The magni- 
tude and direction of the resultant field may be calculated like 
the corresponding quantities in the case of a resultant force, 
by the following equations 

OP* = OP* + OQ* + 20P . OQ cos POQ (1), 

OP OQ OR ,,, 

sin QOR sin POP sm POQ ^ 
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Two special cases are of frequent occurrence If OP and 
OQ are at right angles to each other (Fig 101 6), the magnitude 
of the resultant is given by 

= OQ* 

and 

OP 

tan QOR (3). 


0 R 0 B 




Tlie second case (Fig 101 c) is that in which the resultant 
OR IS at right angles to one of the forces OP, Then 

0R^^0Q^-0P\ 

and 

OP 

sm QOR^jj^. 

Exercise — The magnetic force on unit pole at a point 
distant r cms. from a straight wire of infinite length through 
which a current of strength % units is passing, is equal to 
2^/r, and the lines of force are circles having the wite as axis. 
If the wire is vertical and carries a current of one unit find by 
calculation or geometrical construction the direction in which 
a small magnetic needle will point when placed respectively 
east, west, north, south, and north-east of the wire at distances 
of 4, 11, or 15 centimetres from the wire. The earth's hori- 
zontal magnetic force may be taken as 17 

If the magnetic field is due to a magnet having its north 
pole of strength /a at JS and its south pole of strength — ft at 
the magnetic force on unit pole at a point P due to the north 
pole at B IS iJLjBP^, that due to the south pole at ^ is — fijAP^ 
If the point P is on the straight line through the poles A and 
B, the two forces act m the same straight hne, and have a 
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resultant in the direction of the stionger, of intensity / such 
that 

M AB{BP^AP) 

AP^j ^ BPAP'^ • 

If we call the magnetic moment fxAB of the magnet ilf, the 
distance of P from the centre of AB d, and if I is half the 
distance between the poles, te about length of the 

magnet, the resultant intensity 

r 2il/d 2d 

{d-iy(d + iy ^ (d^-i^y* 

If the point P IS so far from the magnet that I is small 

2 

compared to d, we have simply I — M 

CL 

If the axis of the magnet is at right angles to the magnetic 
meiidian, and H is the earth’s horizontal force at the point P, 
the angle 6 which the resultant force makes with the magnetic 
meiidian is such that 

tan 6 = 

n. 

^ -- i^y , Q 


A small magnetic needle placed at the point at which the 
resultant has been calculated will set itself in a direction 
forming an angle 6 with the magnetic meridian, and therefore 
enable 6 to be found. 

The resultant magnetic force at a point P due to a magnet 
AB, which in the above case has been calculated when P is on 
AB produced, may also be easily determined when P lies on a 
line through the centre G of the magnet perpendicular to AB 

Since AP = BP the magnetic forces due to the two poles 
are equal, and their resultant bisects the angle between their 
directions, is parallel to AB Each force having an in- 
tensity has a component parallel to AB, hence the 

intensity 1 = - ^p g- . 

Writing agam M for the magnetic moment of the magnet, 
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I for half the distance between the poles, and d for the distance 

M 

of P from (7, we have I = If P is so far from C that 

(a® + r)* 

M 

L IS small compared to d, this becomes ^ ^ • 

Hence the field at a distance d from the centre of a 
short magnet along the axis of the magnet, is twice the field 
at the same distance along a line through the centre of the 
magnet perpendicular to the axis. If the law of force had 
been the inverse nth power instead of the inverse square, the 
former force would have been found to be n times the latter. 
Hence an experimental determination of the ratio of these 
forces will furnish a proof of the law of action of magnetic 
poles on each other 

If the axis of the magnet is at right angles to the magnetic 
meridian, and H is again the earth's horizontal foice, the 
resultant of the two fields will make an angle 6 with the 
meridian where 

tan ^ = Tr» 


or 


M 

H 


= (d^ + tan 6 


( 5 ) 


The angle 6 may as before be determined by placing a 
small magnetic needle at the point P, and observing the 
deflection produced when the magnet is placed in position 
The apparatus provided Fig 101 c? consists of a small 
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magnetic needle to which a minor is attached, suspended by 
a fine fibre, the torsion of which may be neglected The centre 
of the needle is situated 3 mms above the middle point of the 
upper of the two horizontal giaduated scales placed at riglit 
angles to each other One of the scales is placed in the 
magnetic mendian, ie parallel to the axis of a magnetic needle 
brought neai it. For convenience this scale should be about 
2 mms below the other The rotation of the mirror is deter- 
mined in the usual manner by the motion of the image of 
a cross wire formed after reflection by the mirror, on a scale 
placed parallel to the mirror when in its central position The 
cross wire is attached to the scale and illuminated by a lamp. 
(For the method of obtaining the angles of rotation see 
Section XXXIV ) 

The position of the image of the cross wire on the scale is 
first read « 

The deflecting magnet provided is then placed on the scale 
running east and west, say to the west of the needle, with 
its north pole towards the needle, the positions of the ends of 
the magnet are observed, and the scale reading of the cross wire 
is taken. The magnet is then reversed so that its south pole 
now points towards the needle, and the deflection again ob- 
served. It is then transferred to the east of the needle and 
the two deflections again obseived. 

To make the corresponding observations with the magnet 
north and south of the needle, the magnet is placed on a frame 
which slides along the scale m the magnetic meridian, the 
magnet itself being at right angles to the meridian. The 
height of the frame is such that the magnet itself will be at 
the same level as when placed on the other scale. The frame 
18 moved along the* scale till the centre of the magnetic axis 
18 at the same distance from the centre of the needle as pre- 
viously, the north pole of the magnet being say to the east. 
The deflection of the cross wire is observed, the magnet is 
reversed so that its north pole points to the west, and the obser- 
vation repeated The frame and magnet are then transferred 
to the other side of the needle and the observations repeated. 

A set of observations should be taken for each of three 
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distances of the magnet from the mirror as far apart as possible, 
and each set recorded as follows — 

18 March, 1895 

Determination of MjH at station B 
Deflecting magnet A, length = 6*0 cms . i = 2*5 cms 
Magnetometer B, distance of scale from minor == 103 eras. 


Tosition of Magnet 

Magnetometer 

N 

end 

S end 

Middle 

Reading 

Deflection 

cms 

cms 

cms 

cms 

cms 


I 

’osition of res 

t 

50 0 

aero 

25 

0 w 

310 W 

28 0 W 

68 5 

18 6 

31 

0 w 

25 OW 

28 OW 

31 6 

18 4 

31 

OE 

25 OE 

28 OE 

69 3 

19 3 

25 

OE 

31 OE 

28 OE 

10 2 

19 8 


19 0 


tan 26 


184 


tan 6 


092 


Similarly for the north and south positions 

For the E and W positions in the above example we have — 

H 2d 56 

Similarly for the other positions 

In order to determine both M and H it is necessary to find 
the value of some combination of the two other than the 
quotient, and the most convenient combination to determine 
experimentally is the product MH, which is connected with 
the time of tortional oscillation r of the magnet about a 
vertical axis through its centre of gravity, by the equation 

where I is the moment of inertia of the magnet about the axis 
of oscillation. 

Hence ME . 

To determine the product MHy place the magnet which has 
been used as the deflecting magnet, in a light paper or silk 
stump supported by a long thin fibre the torsion of which can be 
neglected, so that it can oscillate in a horizontal plane about a 
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vertical axis. To protect the magnet from air currents suspend 
it in a box. Observe the times at which one end of the magnet 
passes a fixed mark on the bottom of the box in one direction, 
for six consecutive passages, the arcs of vibration not exceeding 
20® Wait a time nearly equal to that between the first and 
last observations, and then take six more observations Arrange 
as follows : — 


Passage 

No 

First Set 

Passage 

No 

Second Set 

Time of 

10 oscillations 

0 

1 h 3 m 2 8 

10 

lb 4m lie. 

69 secs 

1 

9 

11 

17 

68 „ 

2 

16 

12 

24 

68 „ 

3 

23 

13 

80 

67 „ 

4 

29 

14 

38 

69 „ 

5 

36 

16 

43 

^>7 „ 


Mean ... ... ... .. =68 secs 

Time of one oscillation T .. ... ... =6 8 „ 


Determine the moment of inertia of the bar magnet by 
weighing it to 01 gram, and measuring its length and breadth 
The moment of inertia /, if m is the mass of the magnet, 2a its 
length, 26 its breadth, is given by the equation 
I — m (a* + 6^)/3 

In order to determine whether a magnet is weak or strong, 
it IS advisable also to calculate the magnetic moment per unit 
mass 

Arrange observations and calculations as follows — 


J a’ + 6^ = 9 05. 


Mass of magnet -4 = 1 1 01 grms 
0 = 30 cms. o’ = 9 0 

h= 23 „ 5’= 05j 

. 7 = 1101x302 = 332 

and J/7f=4 X 9 87 x332/46-2 = 28 4 

Having obtained MjH and MH, M H are determined 
as follows . — 


M= JiMIH) {MH) = jmQ X 28 4 = ^'28300 = 168. 
H=jMHI{MIH) = J28 4/996 = = 169. 

Magnetic moment of magnet per gram = 168/11'01 = 15 2. 
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SECTION L. 

MAGNETIC SURVEY OP THE LABORATORY 

Apparatus required : Magnet, vibration box, anr! watch 

If magnetic observations are taken m a room not specially 
constructed for magnetic work, it is quite possible that non 
beams or iron pipes about the room may have an appreciable 
influence on the results It becomes advisable undei these 
circumstances to make a magnetic survey of the room, that is 
to determine the intensity and diiection ot the earth s magnetic 
force at a considerable number of points in it 

As change of direction of the horizontal magnetic force is in 
most cases less objectionable than change of intensity, attention 
should be given chiefly to the latter It will not be necessaiy 
to measure the horizontal force at different places, but only to 
compare them with each other This is done in the simplest 
way by measuimg the times of vibiation of a magnetic needle 
about a vertical axis of suspension, as the horizontal foices will 
be inversely proportional to the squaies of these times 

The glazed box supplied is provided with a horizontal 
circular scale of degrees which enables the 
direction of the magnetic force, le of the mag- 
netic meridian, to be determined A magnetic 
needle to which a pointer moving over the 
scale is attached, is suspended from a rod 
which projects through the sides of the box, 
by means of a fibre which should be free from 
torsion To secure this, take out the needle and suspending 
fibre, and holding the needle in the hand allow the suspending 
rod to hang down until the fibre is completely untwisted 

The direction and magnitude of the earth's magnetic force 
are to be determined at each of the places shewn in the plan of 
the laboratory^ 

1 A plan of the laboratoiy with the positions at which observations are to be 
taken marked on it should be suspended in the laboratory 



S P. 


16 
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At each place the box within which the magnet swings is to 
be placed with the zero line of the circular scale parallel to the 
outer wall of the laboratory. The needle should then be set 
into oscillation about the axis of suspension by means of a 
small magnet brought for a moment near it, and the readings 
of one end at five successive turning points, thiee on one side of 
the position of rest and two on the other, taken The mean 
of the three on one side, and the mean of the two on the other, 
should then be found, and the mean of these means taken 
Repeat, reading now the other end of the needle The mean of 
the results for the two ends is the angle between the magnetic 
meridian and the outer wall of the laboratory 

To measure the time of oscillation with sufficient accuracy 
for our purpose, note down to the nearest second, as in the 
example given below, the times at which the needle passes 
thiough its position of equilibrium in the same direction, 
during say six successive swings not greater than 20°. 

Then wait a time approximately equal to that between the 
first and last observations and take another set of six observa- 
tions of the times of passage 

Two columns may now be formed by entering the observed 
times as follows . — 


Oscillation 

No 

First Set 

Oscillation 

No 

Second Set 

Time of 10 
oscillations 

0 

11 h 23 m 3 sets 

10 

23 m 49 secs 

46 secs 

1 


11 

63 „ 

,, 

2 

13 „ 

12 

59 „ 

l(> ,, 

3 1 

17 „ 

13 

24 m 4 ,, 

47 „ 

4 1 

21 „ 

14 

9 „ 

48 „ 

5 ' 

25 ,, 

15 

13 „ 

48 „ 

Mean = 

46 7 „ 


Time of 1 oscillation = 4 07,, 


The differences in time between corresponding passages in 
the first and second sets are entered in the third column and 
the mean taken. This mean should be correct to half a second, 
%e, the error should not exceed 1 pei cent. 
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In order to make certain that no mistake in the number 
of oscillations has been made the experiment should now be 
repeated 

If during your expeiiments there are any movable masses 
of iron within a metre of the magnetic needle record the fact 
and state their positions 

The horizontal force being inversely pioportional to the 
square of the time of oscillation, we may obtain numbers pro- 
portional to the horizontal force by calculating the reciprocals 
of the squares of tho^e times (Barlow’s Tables will save much 
arithmetical work ) 

Taking the given values of H and of the magnetic decima- 
tion for the point of reference marked in the plan, determine 
the intensity and direction at the other points 

Enter results as follows, giving also the plan with the 
points of obseivation marked on it. 


26 Maich, 1900 


Place of 
observation 

T 

1 

Ti 

H 

Angle to 
Laboratory 
Walls 

Angle to 
Geographical 
Meridian 

Remarks 

1 

11 61 

00741 

192 

19° E 

3°W 


2 

10 61 

885 

221 

8°E 

14° W\ 


3 

14 61 

467 

126 

69° E 

47° E ( 

much 

4 

8 77 i 

01299 

323 

21° E 

1° Wf 

disturbed 

5 

10 81 1 

855 

221 

9°E i 

13° W) 


6 

12 38 

653 

168 

8°E 

14° W 


7 1 

12 27 ! 

662 

172 

3°W 

25° W 


8 

12 33 

00657 

170 

5°E 

17° W 

reference 







point 


In the neighbourhood of points at which the value of H 
differs greatly from its normal value, further observations 
should be taken with a view to plotting the lines of force 
throughout the disturbed region The shapes of the lines 
will generally enable the cause of the disturbance to be located. 
In the above example the abnormal values at points 2 to 5 
were found to be due to an iron pipe in the wall of the room 


16—2 
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SECTION LI. 

THE TANGENT GALVANOMETER AND OTHER 
CURRENT METERS 


If a wire is bent into the form of a circle of radius r, and a 
current of strength i cgs units is sent thiough it, a magnetic 
field IS pioduced, which, at the centre of the circle, and at 
distances from the centre not greater than 08 of the ladms, 
IS sensibly uniform, of strength F=27rt/r, and in direction 
perpendicular to the plane of the wire The total field at the 
centre of the circle is the resultant of the fields due to the earth 
and the current in the wire respectively, and a magnetic needle 
supported at its centie will set itself along the direction of the 
resultant field If the plane of the wire is coincident with the 
magnetic meridian, the component forces are at right angles, 
and if 6 be the inclination of the resultant to the magnetic 
meridian, and H the earth s horizontal force, we have 


Hence, substituting the value of F in terms of i, we have 

rH 

i = ^ tan 6, 

JiTT 

which will enable us to determine % li H and r aie known, and 
6 18 observed. 

From the presence of the tangent in this expression, this 
arrangement of a circular coil of wire with a magnetic needle at 
it& centre is called a Tangent Galvanometer. 
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In order to make the instrument more sensitive, the current 
to be measured may be sent through a wire coiled n times 
round the needle In that case the magnetic field produced by 
the current is n times that produced by a single wire of radius 
equal to ihe mean of the radii of the n turns, and we have 

tH 

t ^ tan (9 . (1). 

2r?7r 

The practical unit m which currents are measured is the 
Ampere, which is one-tenth of a c g s unit, hence, if we call A 
the number of ampeies passing through the coil, we have 

A = ^^tan0 (2) 

IITT 

Or putting G = mrKSr), % e the magnetic field produced at 
the centre of the coil when one ampere flows round it, we have 
A —{HjO) tan 6 

Since 0 depends only on the coils of the galvanometer, we 
may call it the “ coil constant of the galvanometer ” 

If the galvanometer is used in a fixed position, H will be 
constant, and we may write HjG=^k We then have 

A = k tan 6, 

where k is the current in ampeies which produces a deflection 
of 45°, and is geneially called the “current constant of the 
galvanometer/' 

It IS, however, unsafe to assume that H is uniform through- 
out buildings, owing to the irregularity of the distribution of 
the earth's line of force, produced by masses of iron m the 
walls and floors 

Hence, if a current is to be measured m amperes by means 
of a tangent galvanometer, the horizontal component of the 
earth’s magnetic field at the point of observation must be 
determined This is best done by taking the times of oscil- 
lation of a magnet about a vertical axis, at the point of 
observation, and at some point at which the value of H is 
known (See p 241 Magnetic Survey, or Intermediate Practical 
Physics, p 184) 

In order to form a judgment of the power of the instru- 
ment, we must estimate the accuracy with which an observation 
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of the deflection may be taken, and calculate from this the 
error which may be introduced in the result If the circle of 
the galvanometer is properly graduated, we ought to be able to 
read the deflections to *1 degree, but it would be difficult to 
secure a much greater accuracy An error of 1 division will 
according to the investigation p 6 affect the determination 
of the Current much more in some parts of the scale than in 
others 

Numerical Exercise Calculate the percentage error 
introduced in measuring a current by an error of 1 degree 
in the reading of a tangent galvanometer, the deflections 
being IC", 20°, 80°, and so on to 80° 

When the deflection of a galvanometer needle changes, its 
poles trace out a circle, and in older that the tangent law may 
be accurate, the magnetic forces F and H should be the same 
at all points of the circumference of this circle. We require, 
therefore, to know how long the magnetic needle may be 
without the deviations from the tangent law introduced 
by variations of F exceeding the errors introduced m otlier 
ways It may be shewn that the greatest erroi due to the 
finite length of the needle is intioduced when the deflection 
is 60°, that it is propoitional to the square of the length, and 
that if the ratio of the length of the needle to the diameter of 
the coil IS less than 08, the error introduced by the want of 
uniformity of the field is never greater than that caused by an 
error of 1 ° in the reading of the deflection 

Equation (2) shews that the sensitiveness of a tangent 
galvanometer may be increased either by diminishing the 
radius r, or by diminishing or by increasing the number of 
turns n. 

If the radius of the coil is too much diminished, the tangent 
law ceases to hold unless the needle is also shortened. 

The horizontal force H may be diminished and the sensi- 
tiveness of the galvanometer in consequence increased by 
permanent magnets placed near the instrument in such a 
way as to counteract the earth's magnetic force. 

It should be noticed that a variation of the magnetic 
moment of the suspended needle will not affect the sensitive- 
ness of the mstiumeut when used in measuiing steady cuiients. 
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Numerical Exercise Design a tangent galvanometer of 
one turn which, when placed m a field of strength *17, will give 
a deflection of 45° for a current of 1 ampere 

Adjustment of the tangent galvanometer A tangent galva- 
noinetci before use should be adjusted so that the plane of the 
coil through which the cm rent is to be sent is parallel to the 
magnetic needle The coil will then be in the magnetic meridian, 
and the current in the coil piopoitional to the tangent of the 
angle of deflection As the deflected magnet is short, a pointer 
IS attached to it, so that the rotations may be more easily read 
off on a circular scale, to avoid paiallax a mirror is placed 
under the scale, so that the eye when taking a reading 
may be diiectly over the end of the pointer When the 
needle is in the plane of the galvanometer coil the pointer 
should stand at the zero of the scale. As this condition may 
not be acemately satisfied, any error is eliminated by sending 
the cunent through the galvanometer first in one direction and 
then m the other, the deflections being noted each time If 
the zero of the scale is coirectly placed, the two deflections will 
be equal and opposite If the adjustment is not quite light, 
one deflection will exceed the true deflection by the same 
amount that the other is in defect, and the mean of the two 
will give the true deflection 

If the axis about which the needle rotates is not quite at 
the centre of the scale, small errors will be introduced, which 
are, however, eliminated by reading the two ends of the pointer 
(see note p 204) Each observation of a tangent galvanometer 
consists, therefore, of four leadings, the mean of which gives as 
conect a value as is obtainable with the instrument. 

The inconvenience of an instrument the constant of which 
de pends on the value of the earth's magnetic field at the point 
where the instrument is placed, has led to the construction of 
instruments in which the needle moves in a magnetic field due 
mainly to permanent magnets attached to the instrument. 
The part of the field due to the earth then bears only a small 
ratio to the total field, and the constant vanes only to a 
small extent with the position of the instrument 

Another type of galvanometer which has come much into 
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use IS the D’Arsonval or moving coil instrument It consists of 
a movable coil suspended in such a way that it can rotate about 
a vertical axis in a magnetic field due to permanent or electro- 
magnets which form part of the instrument When a currenu 
IS sent through the coil, the plane of which is parahel to the 
lines ot the field, it tends to set itself so that the greatest 
number of lines of force pass through it. The rotation is 
resisted by the suspension, and a deflection results which can be 
read off by means of a mirror fixed to the coil, and a scale The 
magnetic field of the instrument being many times stronger 
than the eaiths field, its indications are independent of mag- 
netic disturbances, such as occur in the neighbourhood of 
electric railways 

Many of the most accurate current measuring instruments 
in ordinary use — Ammeters — are constructed on this 
principle 

In a further type of current measuring instiuments, known 
as electio-dynamometers, the magnetic needle of the ordinal y 
galvanometer is replaced by a coil of wire through which the 
current to be measured is sent The passage of the cuirent 
through the coil makes it behave as if it were a magnet with its 
axis along the axis of the coil The coil will therefore set itself 
with its axis along the resultant field due to the earth and 
to the current in the fixed coil In general the movable coil 
is suspended by means of the wires which carry the current 
to and fiom it, and the suspension introduces another force, 
tending to keep the coil m the position it occupies when no 
current passes, le. with its axis in the plane of the fixed coil. 
A relation will therefore exist between the strength of the 
current in the two coils and the deflection obtained Instead, 
however, of allowing the movable coil to be deflected we may 
increase the force due to the suspension, by twisting the 
head carrying the upper ends of the suspending wires in a 
direction contrary to the deflection, till the deflection is reduced 
to zero, Tlie magnetic force tending to deflect the movable 
coil, IS then equal and opposite to the force on the coil intro- 
duced by the rotation of the torsion head The magnetic force 
IS proportional to the magnetic moment of the suspended coil. 
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and to the strength of the field in which it is placed If the 
field due to the earth is small compared to that due to the 
current in the fixed coil, its effect will be negligible, if it is 
parallel to the axis of the moving coil, its effect will be zero 
The rotdtion of the torsion head will therefore be proportional 
to the square of the current, since both the strength of the 
field in which the suspended coil moves, and the moment of 
the magnet to which the suspended coil is equivalent, are pro- 
portional to the current 

In the Siemens electro-dynamometer the torsional force is 
provided by a spiial spring, to the top of which a pointer 
moving over a dial is attached This pointer is rotated by 
means of the torsion head till a second pointer attached to the 
moving coil is at the zeio of the scale The planes of the two 
coils are then at right angles to each other, and the torsional 
force exactly balances the magnetic force. The torsional force 
being proportional to the angle 6 of twist of the torsion head, 
we have G^ood, or where K is the constant of the 

instrument 

In order that the deflecting effect of the earth's field on the 
suspended coil may be least, that coil should be placed with its 
plane perpendicular to the magnetic meridian 

Another form of instiument depending on the action of 
currents on currents, is the Kelvin current balance, where two 
horizontal coils are suspended from the arms of a balance, and 
each IS acted on by two similar coils placed above and below 
it respectively. The current to be measured is sent through 
all the coils, in such directions that the suspended coil on the 
left is pulled down and that on the right pulled up. This pull 
IS balanced by a weight sliding along a scale attached to the 
arm of the balance, and the distance through which this weight 
has to be moved to produce equilibrium will be proportional to 
the square of the current passing through the coils. 

If the current an instrument is intended to measure is very 
small, the coils consist of a great many turns of fine wire, and 
if the resistance of the instrument, which is m consequence 
high, IS constant, the indications may be taken as measures of 
the electromotive forces or differences of potential applied to 
the terminals, ^ e the instrument may be used as a “ voltmeter " 
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Apparatus required; A small storage celly a tangent 
galvanometer arranged so that one, two, or three turns of wire 
can he used, the constant with the three turns being about 1, a 
Siemens Dynamometer, having a constant about 2, a set of 
resistances each about 5 ohm which can be joined up in different 
ways so as to alter the resistance in circuit, and a commutator to 
enable the current to be reversed. 




Fig 102 a. 


When instruments intended for the same purpose are con- 
structed on different lines, it is advisable to compare their 
indications together, and the present exercise consists in com- 
paring the indications of the tangent galvanometer with those 
of an instrument such as the electro-dynamometer or Kelvin’s 
ampere balance,” constructed according to a diflferent piinciple 
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Connect the storage cell B (Figs. 102, 102 a) through the 
resistance coils R to two opposite quadrants of the four>way 
key Ky the plugs being removed. Place the electro-dynamo- 
meter 8 with the plane of its fixed coil in the mendian, at 
least 20 cms from the resistance coils, and the tangent galva- 
nometer Q with its coil also in the meridian, a metre away 
from the dynamometer Connect them m series with each 
othef to the other terminals of ^ as shewn See that the 
galvanometer needle swings freely, then level the dynamometer, 
and screw down the spring on the base till the movable coil 
is released Kotate the torsion head in the centre of the dial, 
and observe whether the coil moves fieely 

Arrange the connections to the 5 ohm resistance coils so 
that only one is in circuit Connect together the two wires 
leading to the tangent galvanometer by placing both undei 
the same binding screw on the base of the instrument, and 
make the circuit at K by inserting plugs in the two holes 
in one diameter of the key. While contact is being made, 
watch carefully the needle of the galvanometer in order to 
detect if there is any displacement due to a direct action of 
the current in the leads If so, twist the leads between Ky 0, 
and 8 round each other. This probably will stop the action 
If it does not, reverse the direction of the current by insei ting 
the plugs in the holes in the other diameter of the key and 
see whether the effect is reversed ; if not, the cause is to be 
found in a direct effect of the current in the coils R on the 
galvanometer needle Change the position of R till this 
effect disappeais All extraneous effects of the current on the 
magnetic needle of G are thus got rid of before the galvano- 
meter IS used as a measuring instrument. In all future 
expel iments students will be expected to avoid errois due to 
the magnetic effects of the leads on the measuring instruments, 
without being specially directed to do so. 

Connect the wires leading to the galvanometer to the two 
terminals of the instrument between which 1 T {le one turn) 
IS marked, and complete the circuit at the plug key A 
deflection will be produced and the needle will take some time 
to come to rest. Students should therefore practise making 
connections in such a way that the needle is not set into violent 
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oscillations, introducing for the purpose an extra plug key into 
the circuit close bo the galvanometer The following rules will 
be found useful . — If the needle is at rest in its normal position, 
send the current through the galvanometer for ^th of the com- 
plete time of oscillation of the needle, then bieak the circuit 
The needle will continue to move but with diminishing velocity 
When it IS on the point of tiirnmg back, make contact again, 
this time permanently If the needle moved without fri'ction, 
it would be brought to absolute rest in its new position 
of equilibrium During the ^rst period the needle moves 
through half the ultimate angle of defection, hence if the new 
position of equilibrium is appioximately known, it will be 
easier to fix the end of the period by the position of the 
needle than by an estimate of time Thus, if it is known for 
example, that the needle will be deflected through about 40°, 
make contact until the needle passes through 20°, then break 
ciicuit The needle will continue to move owing to its inertia 
till it reaches 40° As soon as it begins to turn back, make 
contact peimanently 

If the needle is deflected by a current which is to be 
interrupted, break the circuit until the needle is half way 
between its original position and the zero point, make the 
circuit again until the needle comes to rest at the zero, then 
interrupt permanently 

Students are recommended to practise these rules till they 
are able to avoid producing large oscillations of the needle and 
consequent loss of time 

The student should prepare his note-book for recording 
the observations by ruling columns according to the scheme 
given further on The headings of the columns should be 
written out completely before the experiments are com- 
menced, so as to leave nothing but the actual numbers to be 
entered 

Break the circuit, adjust the torsion head of the dynamometer 
till the pointer attached to the coil reads zero, read to 1° the 
position of the torsion head pointer, and of the ends of the 
galvanometer needle and record as shewn below 

Alter the connections to tlje resistance coils so that three 
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of them are in series, re-make the circuit, adjust the toision 
head till the poiutei reads zero, read to 1 *" the position of the 
torsion head pointer, then the position of each end of the 
needle of the galvanometer, and finally again the dynamometei 
Reverse the current and take the readings in the same order 
In each set of observations there aie, therefore, foui readings to 
be recorded tor each instrument 

The galvanometer connections and resistances are to be 
varied as follows, and observations taken as above — 

I Current passing through one turn of wire on the 

galvanometer (connect to terminals between which 

1 T is marked) 

( 1 ) 3 Resistance coils in senes 

( 2 ) 1 Resistance coil only 

(3) 3 Resistance coils in parallel 

II Current passing through 2 turns of wire on the 

galvanometer (connect to terminals between which 

2 IS marked) 

The resistances to be varied as in I 

III Current passing through 3 turns of wire on the 

galvanometer (connect two previous sets in vseries) 
The resistances to be varied as in I 

In order to compare the instiuments, calculate the current 
indicated by the dynamometer from the formula A = K\/d 
where d is the deflection and K is the constant of the instru- 
ment Measure the outside diameter of the turns of wire of 
the galvanometer and the thickness of the wire Calculate 
the mean diameter of the turns Determine the value of the 
horizontal component of the earth *s magnetic force at the point 
of observation, by taking the time of oscillation of a horizontal 
magnet at the point, and at one at which the value of the force 
IS Imown Calculate the current constant of the galvanometer. 

Determine the mean deflections of the galvanometer to 
two decimal places, and the currents by the formula A =7 tan 0 
to three figures, and tabulate as follows ; — 
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29 April, 1896 


Companson of Tangent Galvanometer (A) with 
Siemens Dynamometei (A) 


Outside diameter ot turns of galvanometer 
Diameter of wire, including insulation 
Mean diameter of turn 
Mean radius of turn (r) 


Value of earth*s honzontal force = 


17 


10 6y 

10 V 


= {H) . . .. 

Calculated constant of galvanometer 1 turn 
„ „ 2 turns 

.. 3 turns 


= 19 86 cm 
= *12 cm 

= 19 74 cm. 
= 9 87 cm. 


= *17 

= 2 67. 
= 134 
= 89 



Commutator j 

UjTiamometer 
Coii8tant= 15 

Galvanometer 1 turn. 

Con8tant=2 67 

Ratio 

Resist 

anoes 

Read 

Mean 

v/deT 

Oj) 

Readings 

Deflection 6 

tan9 

Cg- 



ing 

dedtn 

Wend 

E end 

Wend 

Eend 

Mean 

S67tan0 



1°5 

zero 



6n 

1°0b 

zero 






3 in ) 
senes | 

a 

124 2 
|23 8 

22 5 

4 73 

711 

15 5n 

16 1b 

16 0 

14‘1 

14 55 

278 

722 

98 

a 


(25 2 
|24 8 

23 5 

4 84 

727 

14 3e 

15 In 

14 8 

14 1 

14-95 

286 

740 

98 

Single 

? 

J54 5 
(64 7 












it 

a 

(55 6 
(55 3 












3 m ) 
parall j 

a 

(80 
(80 3 












it 


(78 
(77 6 














15 

zero 












Make out similar tables for the observation with two and 
three turns of wire on the galvanometer. 




255 


SECTION LIII. 

VERTFICATION AND APPLICATION OF OHM'S LAW 

Apparatus required : Tangent Oalvanometer hamng a 
constant about I, or an ammeter, voltmeter reading to 2 volts, 
1 meter of No 25 platinoid, No 27 copper and No 31 iron 
wire, 50 cms of No. 29 platinoid wire, all mounted on graduated 
hoards, wire gauge 

The law discovered by Ohm in 1827 states that the ratio of 
the difference of potential between two points of a conductor 
through which a current is flowing, to the current flowing, is a 
constant which depends only on the material, temperature, and 
shape of the conductor between the two points, and is iiidepen-' 
dent of the strength of the current It is the object of the 
present exercise to verify this law and to shew some of its 
applications. 



®A B 

E rmi ^ 

K 

Pig 103 fl. 


Ecrercise 1. To verify that the difference of potential be- 
tween two points on a conductor is proportional to the current 
passing through the conductor 

In order to verify this law, arrange (Figs 103 and 103 a) a 
storage cell E m series with a four-way reversing key K with 
the plugs out, a tangent galvanometer or ammeter 0, and a 
meter of No 25 platinoid wire AB, sti etched along a graduated 
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board See that all connections are good, none of the wires 
being loose in the binding screws Clean the movable knife- 
edges provided, place them on the platinoid wire at G and D 
20 cms apart, and connect them to the terminals of the volt- 
meter or high resistance galvanometer F, capable of re.^ding up 
to 2 volts Read the description of the instrument and the 
instructions for its use supplied with it. 

See that the pointer swings freely and stands at zero when 
the circuit through the instrument is broken 

Make the circuit at K, read the deflection first of F, then of 
0, and again of F, estimating to tenths of a division Reverse 
the current at K and repeat the observations 

Insert a thin wire of copper into the battery cinmit, in 
series with the platinoid wire, and repeat the observations of 
the deflections, keeping the contacts on the platinoid wire at 
the same points 

Introduce further a thin wire of iron into the circuit and 
repeat the observations 

Introduce lastly the short length of No. 29 platinoid and 
repeat the observations 

Break the circuit at K 

If necessary reduce the readings of the instruments to 
quantities proportional to currents, and record as follows 


12 September, 1897 



Commu- 

tator 

Deflections 


Exp 

Voltmeter 
Direct reading 

Tangent 

galvanometer 

Tangents 

Ratios 

1 

a 

h 



96G 

26 7 

2 

h 

a 



933 

26 8 

3 

a 

h 



543 

26 2 

4 

h 

a 

?8} S'* 


368 

26 5 


The constancy of the ratio m the last column veiifies the 
above statement 
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The constant ratio of the difference of potential between 
two points of a conductor, to the current which it produces m 
the conductor, is called the ''Resistance” of the conductor 
oetween the two points. 

Exeruse 2 To verify that the resistance of a homogeneous 
conductor of uniform cross section, is proportional to its length 

With the cell circuit arianged as at the last observation, place 
one knife-edge on the platinoid wire at the division marked 10, 
and keep it there permanently during the experiment Place the 
second knife-edge at the division marked 20, close the circuit 
at E, and keep it closed during the remainder of the experiment. 
Wait one or two minutes till the wires, which are being heated 
by the current, take up a stationary temperature, note the time, 
then take readings of both instruments Move the knife-edge 
from 20, successively to 30, 40, 60, 60, 70, and 80, and then back 
again, reading the voltmeter at each position Read the current, 
note the time, and recoid the observations as follows. 


12 September, 1897 


Deflections direct 


Time of first reading 1 h 4dm Time of last reading 2 h 0 m 

Galvanometer 20 2 Galvanometer 20 1 


Knife 
edge 
A at 

Knife 
edge 
B at 

Length 

ems 

Deflection of 
Voltmeter 

Mean 

Deflection 

Difference 

Deflection 

let series 

2nd senes 

length 

10 

20 

10 

49 

4 8 

4 85 

4 86 

*485 


30 

20 

98 

98 

98 

4 95 

490 


40 

30 

14 7 

14 6 

14 65 

4 85 

•488 


50 

40 

19 8 

19 5 

19 65 

5 00 

491 


60 

60 

24 5 

24 9 

24*7 

5 05 

494 


70 

60 

29 5 

29 6 

29 55 

4 65 

493 


80 

70 

34 2 

34 2 

34 2 

4 65 

489 


If the strength of the curient has altered during the 
experiment, the first and second set of readings will not quite 
agree. But if the change in the current has been uniform, and 
it the second set of readings has been taken m the reverse 

« P. 17 
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order to the first, the mean of the two sets should give the 
readings corresponding to the time half-way between the 
beginning and the end of the experiment. 

The column headed differences in the table of results, 
contains the differences between each pair of successive xiumbers 
in the previous column These differences, which correspond 
to equal differences in the length of wire CD, should be nearly 
equal 

Small deviations from equality are produced by • 1st, errors 
in reading , 2nd, want of uniformity in the wire AB , 8rd, errors 
in the voltmeter scale If theie is a laige deviation it is 
probably due to one of the contacts being bad 

Reverse the commutator in the cell circuit and repeat the 
whole senes of observations, entering them in a second table 
headed — Deflections reversed 


Exercise 8 To verify that the resistance of a homogeneous 
wire varies inveisely as the area of its cross section 

Without disturbing the cncuit through the tangent galvano- 
meter, place the knife-edges on the No 29 platinoid wire, at a 
distance of 10 ems apart, and observe the deflection of the 
voltmetei Now place the knife-edges 10 ems apart on the 
No. 25 platinoid wire and again observe the deflection. 

Measuie the diameter of each wire in the middle of the 
length between the voltmeter contacts, and enter the deflec- 
tions, the diameters and areas of the cross sections of the wiies, 
as follows 


Galvanometer leadin 


a 20 2) 
h 200] 


201 . 


Wire 

Commu- 

tator 

Voltmeter 

deflection 

Diameter of 
wire 

Cross 

section 

Voltmeter 

deflection 

X section 

No 25 

a 

h 

01 o 

13 6J 

0504 cm 

0020 

0266 

No 29 

h 

a 

^^H275 

27 0/^' ^ 

1 

0352 cm 

1 

000973 

0268 


The last column shews that the above statement is correct. 
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Exercise 4. To find the relative specific resistances of 
copper, iron and platinoid. 

Keeping the mam circuit undisturbed, place the knife- 
edges connected with the voltmetei on the copper wire 80 cms. 
apart, and take readings of both ammeter and voltmeter 

Remove the knife-edges from the copper, place them 40 cms 
apart on the non wire, and read the voltmetei Now place 
them 20 cms apait on the No 29 platinoid, and take readings. 
The ammeter is read in order to make sure that the current 
has not changed during the experiment and the following 
calculation is made on that supposition. Measure the diameters 
of the wires at the loose ends which project ovei the terminals 
to which the wires are soldered From the observations 
calculate the deflections which would have been obtained with 
1 cm of each wire between the knife-edges Then calculate 
what would have been the deflection if the cross sections of 
the wires of 1 cm length had been 1 sq cm These deflections 
will be proportional to the specific resistances of the materials 
of the wires. 

Assuming the specific resistance of copper to be 1, calculate 
those of iron and of platinoid. 

Tabulate as follows . 

Jan 5, 1900. 



Galvanometer Reading at beginni 


201 



j 

ij >j 

1 >1 

end 


201 


Wire 

Length 

Voltmeter 

deflection 

Deflection 
per un 

Diameter 

Cross 

section 

Deflection 
per era. { 
X Boot 

Kelath 

specifl 

resistan 

Copper 27 

80 cms 

a 2 8) 2 7 
& 2Ci 

0325 

•0417 1 

001,14 

000,0309 

1 

Iron 31 

40 

5 15 4) . 

’390 

0295 

000,082 

000,266 

72 

Platinoid 29 

20 

® 3 1 IQ IQ 

b 19 05 i 

938 

0352 

000,901 

000,898 

24*8 


17—2 
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SECTION LIV. 

AERANGEMENT OF CELLS 

Apparatus required: Tangent galvanometer with a con- 
stant of 2 or *3, reversing key, four Daniell cells, resistance 
coils, and connecting wires. 

The Tangent Galvanometer may be used to shew which of 
the different ways in which voltaic cells may be joined together 
IS the most advantageous under given circumstances, but a 
more sensitive instrument than that used m the previous 
exercises will be necessary 

Set up four Daniell cells, having porous pots as nearly alike as 
possible If the porous pots are dry, allow them to stand fully 
immersed for half-an-hour m a bath of zinc sulphate solution, 
in order to fill the pores of the pots with the solution Remove 
them from the bath, and place each in a jar containing a zinc 
plate dipping into zinc sulphate solution Then fill each 
porous pot with concentrated copper sulphate solution, and 
place a copper plate inside it 

Place the galvanometer with its coil in the magnetic 
meridian and read the zero 

In order to find the resistance of each of the four Daniell 
cells, connect one cell through a commutator or reversing key, 
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and a coil having a resistance of R ohms (about 4), with the 
galvanometer, and observe the deflection, (1) with the re- 
sistance of R ohms, (2) without the resistance, and (3) once 
more with the resistance in circuit, two observations being 
taken 1 1 each case, once with the current in one direction, 
and once with the current reversed. Read £^am the zero 
Calculate the mean deflections and their tangents If is 
the mean of the tangents in (1) and (3), and i^i is the tangent 
in (2), we have 

j{i ' - ^ 

... ^ E 

B-\rQ 


where K represents the galvanometer constant, E the 
electromotive force supposed to remain constant during the 
observations, R the resistance of the cell, and Q the resistance 
ot the galvanometer, which for the present purpose may be 
neglected, as it is small compared to B and R Putting (? = 0, 
we deduce from the two equations 


B^R 




Proceed in this way to determine the resistance of each of 
the four cells 

Enter your observations and results as follows — 


23 Jan., 1894. Resistance of Daniell Cell 1. 


Eesistance 
in circuit 
ohms 

Headings 

Deflections 

Tangents 

Mean 

tangent 

with 

resistance 

East 

West 

East 

West 

Mean 

of mean! 


5n 

0 

Zero 





4 01 j 

35 5 n 
35 Os 

35 2 s 

35 On 

35 On 
35 58 

35 2s 

35 00 

1 35 2 

•705 


I 

48 ‘Os 
48 7n 

48 3 n 
48 5 8 

48 58 

48 2n 

48 3n 
48 58 

j 48 3 

1 122 = f, 

•704 

4 01 1 

35 5n 
35 Os 

35 Os 
34 8n 

35 On 
35 5 s 

35 0s 
34 8n 

1 35 1 

703 



5n 

0 

Zeio 






* The mean deflection can be obtained by taking the mean of the four 
readmgs of the ends of the pomter without making use of the zero, but it is 
advisable in this exercise to adopt the method shewn m the example, as it 
enables mistakes to be more easily detected and corrected. 
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/. Resistance Bi of cell 1 = 4’01 


*704 

1122- 704 


= 6 75 ohms. 


Make out a similar table for each of the four cells 


Connect all the cells m series through 8 ohms external 
resistance (Fig. 104), to the galvanometer, observe the de- 
flections and find the tangent of the mean angle of deflection 
produced by the curient m the two directions 

From the observed deflections with the separate cells, 
calculate the deflection which ought to have been obtained, 
as follows* — 

For the first cell we have — 

and similar equations for the others Hence 

Bi 4 " B 2 4 “ B<i 4 " E 

1 1 1 1 

ti ts ^4 

. ^ 1 1 /I 1 1 1 \ 

t will be the tangent of the angle of deflection when the cells 
are all connected in senes to the galvanometer. Hence if t' is 
the tangent of the angle of deflection with 8 ohms in series, 

4- ^2 4- ^8 4- B 4 . 

^ b7-{-b;+b;t~b~ts'^' 

Calculated f = 649 
Observed i = 640 


Arrange all the cells in parallel, and observe the deflections 
with 4 ohms in series with them. Calculate the tangent of 
the mean deflection 
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Also calculate the deflection from the observations made 
with the separate cells, as follows — 

For the first cell we have 

tr _E 

and similarly for the other cells Hence 

ti -i- t, -h E 
1 1 1 K' 

le if t — + + t would be the tangent of the deflection 
if the cells were connected m parallel with the galvanometer. 
Hence if t' is the tangent required, i e for the case where the 
4 ohms are inserted, 

t'= i . 

Calculated t' =1 118 
Observed ^'=1120 

Arrange the cells in two parallel sets of two cells m series, 
and determine the tangent of the deflection with 4 ohms in 
senes with the galvanometer 

Establish a formula and calculate the deflection similarly. 


Arrange the results as follows — 


Cell 

h 

<t' 

R 

t series 

t parallel 

t series parallel 

Calc 

Obs 

Calc 

Obs 

Calc 

Obs 

1 

2 

3 

4 

1 122 

704 

0 75 

649 

640 

1 118 

1 120 




Determine by experiment which of the three arrangements 
of the cells previously tned, gives the greatest current through 
external resistances of 1, 4 and 8 ohms respectively. 
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Tabulate the results as follows, underlining the maximum 
deflection in each case — 


External 

resistance 

Mean deflections 

Cells in 
parallel 

In two sets 
in parallel 

in series 

1 ohms 

65 3® 

39 2° 

42° 

^ M 

48-1 

30 2 

36 9 

8 „ 

33 7 

21 5 

37 1 
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SECTION LV. 

THE WATER VOLTAMETER. 

Apparatus required ; Water Voltameter, two storage cells, 
tangent galvanometer (with a constant of 1 or 2), reversing key 
amd resistance coils 

When an electric current decomposes a liquid through which 
it is sent, the liquid is called an electrolyte/* and the process 
of decomposition is called '^electrolysis** The laws of electro- 
lysis state that the weight of an element set free from a com- 
pound by electrolysis, is proportional to the current, the time, 
the atomic weight, and inversely proportional to the valency of 
the element. One ampere flowing for one second liberates, e g 
•0011183 grams of silver from any silver salt The amount of 
an element liberated by a cuirent in a given time may theiefore 
be used to determine the magnitude of the current and hence 
to standardise a cuiieut-measuring instiument. 

In the present exercise a tangent galvanometer is to be 
standardised by means of a water voltameter. There are two 
ways of using a water voltameter, according as the hydrogen 
alone is measured, or both oxygen and hydrogen are collected 
together In the latter case we gam by having a greater volume 
of gas to measure and being able therefore to reduce the time 
of the experiment, but thei e is some danger of error owing to 
the formation of ozone and its absorption m the water It has 
however been shown by Kohlrausch that if currents of over one 
ampere aie to be measured with an accuiacy suflScient for 
commercial purposes, a voltameter m which both gases are 
collected together, will answer the purpose. For smaller 
currents the hydrogen only should be measured The diflSculty 
may also be overcome by using a solution of sodium hydrate 
(between 5 and 10®/o) with nickel electrodes. 

The volume of mixed gas produced by the passage of an 
ampere for a second is 1734*0 0 . at normal temperature and 
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pressure. The gas is collected in a graduated tube and its 
volume measured To reduce the observed volume to the 
normal conditions, the temperature of the gas must be measured 
by a thermometer placed, if possible, inside the voltameter tube. 
The pressure is obtained by reading the barometer, b^ applying 
if necessary a correction for a difference of pressure inside and 
outside the voltameter tube, and by deducting the pressure of 
aqueous vapour in the tube As pure water offers a high resistance 
to the electric current a little sulphuric acid is added to it If 
the reductions are to be made to the highest possible accuracy, 
account must be taken of the fact that the pressure of saturated 
vapour of water is less over a solution of sulphuric acid than 
over pure water But in the present exercise it is assumed 
that the acid added to the watei is not sufficient to pioduce a 
sensible effect 

One form of voltameter (Fig 105) consists of two portions, 
a lower reservoir and a graduated tube which fits into it by 



means of a ground joint The lower reservoir communicates 
with the atmosphere through an opening which can be closed 
by a glass stopper During electrolysis this stopper must he 
removed Pour water acidulated with about 15% of dilute 
sulphuric acid into the reservoir so as to render it about three- 
quarters full Insert the tube and stopper and tilt the volta- 
meter so that the liquid runs into and completely fills the tube. 
Place the instrument in a tray and remove the stopper. 
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Another form consists (Fig. 105 a) of a vertical tube 
graduated in c c s , from the bottom of which 
a narrower tube leads to the top of a tube 
similar to the first By tilting the ap- 
paratus t'^ the left through about 90°, the 
acidulated water can be made to fill both the 
graduated tube and the narrow tube As 
gas IS generated in the graduated tube the 
water expelled runs ovei from the top of 
the narrow tube into the second wide tube, 
and its level in the narrow tube remains 
constant. 

Connect the galvanometer and voltameter 
m series with a reversing key, a resistance and two storage cells 
or othei battery having an electromotive force of 3 or 4 volts and 
a low internal resistance The object of the reversing key is to 
correct tor errors ot zero of the tangent galvanometer, by taking 
its deflections during half the tune m one direction and halt the 
time in the other. The key might theiefore be inserted so as to 
affect the galvanometer only, leaving the current through the 
voltameter in the same direction throughout the experiment 

Adjust the resistance so that when the circuit is closed the 
deflection of the galvanometer needle is about 45° 

When this has been done, interrupt the current at the key, 
and wait till the bubbles of gas in the upper pait of the column 
of liquid have ascended into the space above Then read the 
position of the top of the column on the tube, measure to the 
nearest cm its height above the liquid in the base, or in the 
second form of apparatus its depth below the top of overflow 
tube, and note the temperature of the gas. Read the zero of 
the galvanometer. 

Now make the circuit at the key, noting the time, and at the 
end of a minute read the galvanometer, repeating the reading 
every two minutes till the tube is about ^ full of gas One 
minute after taking the last reading, break the circuit, noting 
the time After allowing the bubbles of gas in the column of 
liquid to ascend, read the position of the top of the column 
and measure as before the height of the liquid column, and the 
temperature of the gas 
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At a given instant make the circuit again, so that the current 
passes in the opposite direction through the galvanometer for 
an equal time Read the galvanometer every two minutes as 
before, and the final position of the level of the liquid 

Read the barometer 

Calculate for each of the three observations of the column 
of liquid, the volume of gas reduced to normal temperature and 
pressuie, and subtract the first from the second and the second 
from the third The differences are the volumes of gas produced 
in the obseived times by the passage of the current 

Take the mean of the tangents of the galvanometer deflec- 
tions for each period Then if d be the mean tangent, and K 
the constant of the galvanometer, the average current passing 
18 Kd ampbres. If cc of gas were liberated in t seconds, 
then v=V Kd t, where V is the volume of mixed gas liberated 
by 1 ampere in 1 sec , both being measured at the same tempera- 
ture and pressuie 

If V and V are the volumes reduced to a pressure of 76 cms. 
of mercury and a temperature of 0® 0 , we may substitute for V 
its numerical value 1734 and thus find 

1734 d r 

Calculate K from the observation in this way, arranging the 
work as shewn below. 

The two sets of observations are reduced separately so as to 
afford a check on the calculations and a test of the consistency 
of the results 

Remove the tangent galvanometer, and substitute for it one 
of the boxes used in the Magnetic Survey of the Laboratory 
(Section L ) Determine the time of oscillation of the needle 
Determine also the time of oscillation of the needle when placed 
at some point of the Laboratory at which the earth's horizontal 
magnetic force H is known, and from the observations calculate 
the value of H at the place where the galvanometer stood. 

From the value of H and the radius and number of turns of 
the coil calculate the constant of the galvanometer (see Section 
LI ), and compare the calculated value with the result of the 
experiment. 
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Arrange your observations as follows . — 

17 March, 1898 

Voltameter A, Tangent Galvanometer B 
Height of Barometer = 75 67 cms 


Voltameter observations 

I 

11 

111 

Reading of voltameter tube*, cc 

16 6 

133 5 

2 IB 8 

Height of column of water, cms 

36 

26 

15 

„ ,, equivalent mercury column 

2 58 

1 91 

1 11 

Pressure of gas, cms 

Temperature (Centigrade) 

73 09 

73 76 

74 56 

18° 8 

18° 7 

18° 5 

Corresponding vapour pressure, cms 

1 61 

1 60 

1 58 

Presbuie ot dry gas, cms 

71 48 

72 16 

72 98 

Volume of gas reduced to 76 cms 




and 0° C , c c i 

1 

i 

14 5 

118 6 

228 7 


Galvanometer Observations 

The readings of the ends of the pointer, marked A and B, 
are taken as positive when the deflections are countei -clockwise 
as measured from the zeio divisions of the scale. 


Time 

Headings of Pointer 

Deflections 

Tangents 

End A 

End B 

Mean 

11 h 67 m 

o 

o 

O 

+ 

+ 0°2 

+ 0° 1 



11 68 

+ 46 6 

+ 46 6 

+ 46 6 

46 6 

1 064 

12 00 

46 2 

46 3 

46 2 

46 1 

1 041 

02 

45 5 

46 7 

45 6 

45 5 

1 018 

04 

46 6 

46 7 

45 6 

45 5 

1 018 

06 

45 3 

45 5 

45 4 

45 3 

1 010 

08 

+ 00 

+ 02 

1 

+ 01 



Mean = 

1 028 


Current started at 11 h 57 m 
„ stopped at 12 h 07 m 

* If the tube is not divided into cubic centimetres, the value of the divisions 
ought to be ascertained bj experiment 
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Similarly for the observations during the second half of the 
experiment 

The results are tabulated as follows — 



Volume generated 

Time 

Mean i 
tangent 

K 


118 6- 14 5 = 104 1 
228 7>- 118 6 = 110 1 

600 secs 
600 „ 

1 028 i 
1050 

974 

1 007 

Constant of Galvanometer by electrolysib 

= Mean = 

990 


Constant of Galvanometer by calculation 
Time of oscillation at place of observation = 

„ „ „ standard position = 


Value of H „ „ „ 

Value of H at place of observation 
Radius of Coil of Galvanometer 


7 12 secs 
716 „ 
171 „ 
17:3 „ 

10 8 cms. 


Number of turns . .. . = 3 

*. Constant = ,, =99 
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SECTION LVL 

STANDARDISING CURRENT METERS BY THE 
COPPER VOLTAMETER. 

Apparatus required : Gurrent-measunng instrument to he 
standardised {an instrument intended to measure accurately one 
or two amperes is suitable), storage cells, copper depositing cell, 
copper electrodes, plug-key, resistance coils, accurate balance 

In the previous exercise the amount of electrolysis produced 
by the passage of a curient was estimated by the volume of gas 
generated. Since volumes cannot be directly determined to 
the same degree of accuracy as masses can be weighed, more 
accurate results are obtained by the use of an electrolyte of 
which one of the products of decomposition is a solid which can 
be weighed Silver and copper salts are found to be suitable 
for the purpose, as secondary reactions may be more completely 
avoided than in the case of other metals For the most 
accurate woik the silvei voltameter is used, but its manipula- 
tion requiring great care, and the materials being expensive, 
copper may be substituted, and with proper precautions an 
accuracy of one part in a thousand may be attained. 

In the present exercise a solution of copper sulphate in 
water will be used, and a current meter will be standardised 
by the weight of copper deposited. The example is worked 
out on the supposition that the instrument to be standardised 
IS a Kelvin Current Meter, but any other accurate instrument 
such as that shewn in Frg. 106 may be substituted. 

Prepare a 20 ®/o solution of copper sulphate, by adding 120 
grams of copper sulphate crystals to 480 grams of water When 
the crystals have dissolved, filter into the beaker provided and 
add one or two c c. of strong sulphuric acid 
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Clean the three copper plates provided, two of which are to 
serve as anodes and the third as cathode, with sandpaper. Dip 
the one which is to serve as cathode into dilute nitric acid foi 
about three minutes, then remove it and place the three in 
dilute sulphuric acid for about three minutes, finilly wash 
under a stieam of tap-water 

Place the first two plates in the side clips A of the stand 
(Fig 106) provided, and the third plate in the centre clip 



Fig 106 

Join up the copper voltameter, a plug-key K and an adjust- 
able resistance to the mstrument to be standardised, through 
two storage cells or other battery of small resistance giving 
an electromotive force of about 4 volts Be careful to connect 
the terminals of the battery m such a way that the current 
passes through the copper sulphate solution from the outside 
plates (anodes) to the central plate (cathode) of the voltameter 
If the instrument to be standardised gives deflections in different 
directions when the current is reversed, a reversing key should 
be inserted so that the directions of the current can be changed 
rapidly in the current meter without being reversed in the volta- 
meter ^ and that change should be made in the middle of the 
experiment 

Adjust the resistances until the current is of convenient 
amount to be measured, then take out the plug key K, 

Raise the plates out of the solution, take the copper cathode 
from its clip, wash it in clean water, and dry first in a sheet of 
filtei -paper, then before a fire, heating coil, or gas flame, taking 
care not to heat the plate appreciably. When the plate is dry 
and at the temperature of the room weigh it to *1 milligram. 
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As the absolute weight is required, the plate must be 
weighed on both sides of the balance according to the method 
described on p. 45, and trustworthy weights only must be used 

Read the zero of the instrument 

Replai^e the cathode and lower the copper plates into the 
solution, make the circuit at A" at a time to be noted in 
minutes and seconds, and as soon as possible take a reading 
of the instrument to be standai dised. 

Take readings every five minutes for forty-five minutes or 
an hour 

The true readings will be the differences between the actual 
readings and the mean of the zeros read at the beginning and 
end of the experiment 

Note the temperature of the electrolyte 

While the electrolysis is going on, clean a beaker, fill it with 
clean water, and add a few drops of sulphuric acid. 

At the end of the above period bieak the circuit at A, 
noting the time accurately, and read the zero of the instrument. 

Raise the electrodes, remove the cathode and dip it as 
quickly as possible into the prepared acidulated watei, then 
hold it under a gentle stream of water from the tap for a 
minute Now dry it as before, first in a pad of clean filter- 
paper, then before a fire, heating coil or flame, and after cooling 
weigh again to *1 milligram. 

The relation between the current (7, the electrochemical 
equivalent of copper and the weight W deposited in a given 
time t is 

W 

2 ; t 

In the absence of all secondary reactions the value of s 
should be constant. But owing probably to the presence of 
dissolved oxygen, the amount of copper deposited is not strictly 
proportional to the current and depends to a small extent on 
the temperature These effects can be taken into account by 
making z depend on the current density at the cathode and on 
the temperature. Thomas Gray, who has carefully investigated 
the amounts of copper deposited under different conditions, has 
s p 18 
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given the following values for the electrochemical equivalent 
of copper 


Area of cathode in 
square centimetres 
per ampfeie of 
current 

Temperature 12° 

Temperature 2..^ 

50 

•0003288 

000328G 

100 

•0003285 

•0003283 

150 

0003282 

0003280 

200 

•0003279 

0003277 


The results of this Table may be expressed by the equation 

•0003288 - 0000003 0000002 , 

where A is the area of the cathode surface per ampere, and t 
the temperature The value of A is found by calculating the 
curient in the first instance approximately, using as 

the equivalent 

Measure the total aiea of the two sides of the cathode, and 
obtain an approximate value of the area per ampere From 
this and the temperature duiing the experiment find from the 
table the equivalent which applies to your experiment. 

Record and reduce the observations as follows — 

15 June, 1899 

A. 

20 3798 giams 
21 5786 „ 

1 1988 

3625 seconds 

1 0 ampere 

66 sq cm 
66 

18° C 
0003286 

1*0064 ampfere 


Standaidisation of Kelvin Balance 

Weight of cathode before electrolysis 

„ ,) ,, after ,, 

Amount of copper deposited 

Duration of expel irnent = Ih Om 25s 

n 4. . 1 1 2 X 3000 

Ouirent approximately — — — 

Total aiea of cathode 
Area of cathode per ampere of current 
Temperature 

Equivalent of copper 

1 1988 


Cuirent = 


0003286 X 3625 




LVI 


COPPER VOLTAMETER 


2: 


Time 

Reading 

of 

Kelvin 

balance 

Zero 

True 

reading 

Squau 

root 

1 1 h 0 m. current made 

409-6 

2 

409 4 

20 2:1 

5 

406 6 


406 4 

20 16 

10 

406 4 


406 2 

20 15 

15 

405 4 


405 2 

20 13 

50 

405 4 


405 2 

20 13 

55 

405 6 


406 4 

20 10 

12h Om 25s current broken 

406 4 

2 

406 2 

20 15 

Mean = 

20 14 


Constant of balance = 


Mean current 

Mean square root of deflection 


Constant given by instrument maker 


im 

201 

049£ 

050C 


Thus currents measured by the instiument using the coi 
stant 05 would agree to within one pait in a thousand wit 
their value as determined by copper electrolysis The constai 
supplied by the maker of the Kelvin balance is equal to th 
mean current divided by twice the square root of the reading 
t e 025 in the case of the above instrument A table of double 
squared roots is provided with the instrument, and the lat 
column in the above Table may be replaced by one in whic 
the double square roots are entered But the method her 
adopted is applicable to all mstruments of the dynamomete 
type and the square roots are easily found in Barlow’s Tables^ 
It the instrument to be tested is a direct reading one, the las 
column 18 unnecessary, and if it is of the tangent galvanomete 
type it must be replaced by the tangents of the angles c 
deflection. 


♦ If the square root of e g 408 4 is taken from Barlow’s tables, interpolate 
would seem necessary between the values of the roots given for 408 and 409, bu 
this may be avoided by finding that number in the neighbourhood of 2000, th 
squall of which has for its first four significant figures 4084. The position c 
the decimal point is obvious. 
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SECTION LVIL 

ON MIRROR GALVANOMETERS AND THEIR 
ADJUSTMENT 

Apparatus required : Mirror galvanometer and scale^ 
watch, uniform wire 

In Section LI it has been explained that the sensitiveness 
of a tangent galvanometer may be increased by diminishing the 
radius of the coil through which the current is passing, but 
that if the tangent law is to hold good the length of the needle 
must also be diminished In many experiments it is of gieater 
importance to have the galvanometer as sensitive as possible, 
than that the tangent law should hold accurately. We use in 
such cases a galvanometer the coils of which have as small a 
radius as possible, with only just sufficient room inside for the 
magnet to move Any movement of the magnet is rendered 
apparent, and measured if necessary, by the help of a mirror 
attached to it, in the way explained in Section XXXTV Several 
small magnets are often used instead of a single one in order 
to increase the magnetic moment and so decrease the time of 
oscillation, and these aie either attached directly to the back 
of the miiror by means of a little shellac, or the mirror is 
placed outside the coil and attached to a thin wiie which passes 
through the coils and caines the magnets at its end The 
suspended system must be free to move round a vertical axis, 
and IS for this purpose attached to a fibie just strong enougli to 
carry its weight and as free from torsion as possible 

The deflection of a galvanometer for a given current being 
increased by a diminution of the intensity of the magnetic 
field at the centre of the coil, we have a further means at our 
disposal of rendering a galvanometer more sensitive, or of ad- 
justing its sensitiveness to any desired value within certain limita 
For this purpose a permanent magnet is placed near the instru- 
ment in such a position that it produces together with the 
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earth’s field a resultant field of the desiied strensth. Such 
a magnet is also necessary when the galvanometer has to be 
set up with the plane of the coil not in the magnetic meridian. 
The strength and direction of the eaith’s field being given, it 
IS theoretically always possible to produce a resultant field of 
any desired strength and direction by placing a peimanent 
magnet with a sufficiently great magnetic moment in a proper 
position. When great sensitiveness is required, and at the 
same time the direction of the field is to be altered, it is 
generally advisable to proceed by two steps With a magnet 
of known magnetic moment, it will not be difficult to find by 
calculation a position for it such that it will nearly neutralise 
the earth’s field A second weaker magnet may then be used 
to regulate the strength and direction of the field within the 
coil of the gcilvanorneter A galvanometer made sensitive by 
counterbalancing in this way the greater part of the earth’s 
force by means of exteinal magnets, has the disadvantage of 
being very sensitive to slight magnetic disturbances either 
caused by actual changes of the terrestrial forces, or to 
disturbing currents (electric tiams) or to the accidental dis- 
placements of magnetic material (keys, spectacles, corset steels) 
which are almost unavoidable in a laboratory To get nd of 
that portion of these effects which is nearly uniform throughout 
the space occupied by the galvanometer needles, so called astatic 
magnetic systems are often used These consist of two magnets or 
two sets of magnets with nearly equal magnetic moments, rigidly 
connected together, so that the similar poles of the two sets point 
in opposite directions One of the sets is placed in the centre 
of the galvanometer coil, the other above or below it, and in 
some instruments the second set will be placed in the centre of 
a second galvanometer coil in all respects similar to the first, 
but with the current passing round it in the opposite direction 
The whole of the combination of magnets, called an astatic 
system, will behave like a very weak magnet towards the 
earth’s force, and may set in a direction which it is impossible 
to predict. 

To make this latter point clear, let H represent the earth’s 
field, mi, TOi the magnetic moments and aj, otj the angles between 



278 


MAGNETISM AND ELECTRICITY 


LVII 


the magnetic meridian and the magnetic axes of the two sets. 
The mechanical couples exerted by the earth's field will be 

jffmi sin and Hm^ sin aa 
and m the position of equilibrium 

mi sin «! + ms sin — 0. 

If the angle between the two magnetic axes is very nearly 
Bqual to two right angles we may write 

Os = + tt + S 

where S is a small angle, so that 

sm aa = — (sm -h 3 cos a^) 

Hence for equilibrium 
tan 

If nil 

it follows that = 7r/2, 

lienee the astatic system will set at right angles to the magnetic 
meridian\ if on the other hand 8 = 0 but mj differs from ?na, 
2i = 0 and the system will set in the meridian As m practice 
aeither 8 nor m, — vanish, but will be small, depends on 
the ratio between two unknown small quantities 

Directing magnets have therefore to be used with an astatic 
system to bring it into its proper position with respect to the 
galvanometer coils and to regulate the strength of the field 
The increased sensitiveness of an astatic galvanometer de- 
pends on the fact that while the two sets of magnets oppose 
3ach other m so far as the earth's directing force is concerned, 
the electric current acts on both in the same direction. If 
there are two galvanometer coils, the curient is led through 
them in opposite directions, so that the couples exerted by 
the currents in both coils have the same direction A galvano- 
[neter with two coils can also be used as a “differential galvano- 
meter,” when it IS required to test the equality of two currents 
m to measure veiy small differences between them. The two 


8 

nil — ‘ 

= 
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currents are in that case sent separately through the two coils, 
so that their effects on the suspended system of magnets oppose 
each other 

While it IS thus possible to increase considerably the sensi- 
tiveness of a galvanometer, in so doing the periodic time, ^ e the 
time of oscillation of the needle (see p 281) is increased This 
to a great extent counteracts the advantage gamed by the 
increased sensitiveness, especially when owing to disturbing 
causes the zero of the needle is a little unsteady, for it becomes 
in that case impossible to distinguish a true deflection from an 
accidental shift In modern galvanometers intended to be 
highly sensitive the suspended magnetic system is made as 
light and small as possible in cider to secure a small moment 
of inertia and thus allow a corresponding decrease of the 
directing field without increase of the time of oscillation. The 
magnetic moments of the small magnets used are foi the same 
reason made as large as possible by magnetising the steel to 
a high intensity. 

In the case of a D’Aisonval or suspended coil galvanometer 
the sensitiveness can be increased by increasing the number 
of turns in the coil or by increasing the strength of the field in 
which the coil is suspended, or by decreasing the toisional 
couple due to the supporting fibre 

The time of oscillation is increased by the weakening of the 
couple due to the suspension, and must be kept down by a 
coi respond mg decrease in the moment of inertia by the coil. 
(See the equation for T, p 281.) 

Students should pay careful attention to the optical arrange- 
ment on which the measurement of the angles depends. If the 
objective method is used, they should secure a good image of 
a wire on the scale, and in every way try to inciease the ac- 
curacy of reading It must be remembered that doubling the 
accuracy of reading doubles the effective sensitiveness of the 
galvanometer just as much as halving the strength of the 
directing field, without introducing the disadvantage of increased 
penodic time Insufficient care is often given by instrument 
makers to the mirror of a galvanometer, which is a more im- 
portant part of the mstrument than many others, to which 
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they devote great attention. The image formed should be as 
perfect as the size of the mirror will allow; the latter should 
be either plane or concave with a radius of curvature of 
about one metre. If the instrument is home made, microscope 
cover glasses are generally silvered for the purpose, and among 
a number of them some are always found which give sufficiently 
good images before mounting, but after the magnets have been 
fixed to the back of the mirror it often turns out to be useless 
on account of the distortion produced by the material which is 
used to attach the magnets It is therefore better to fix these 
in the first place to thin mica, and to attach the mirror to the 
other side of the mica by means of a small drop of shellac 
holding the mirror at one point only If the miiror hangs out- 
side the galvanometer coil the difficulty does not arise. The 
curvature of the mirror, and the definition of the image formed 
by it, may be investigated by using a source of light some 
distance away, and determining whether there is a good re- 
flected image within a few feet of the mirror If there is, 
the distances of object and image will determine the radius 
of curvature If the mirror is plane, or nearly so, the image 
may not be real or may be too far away, and in that case, must 
be looked at thiough a telescope. The telescope being focussed 
for the image, we may easily determine the distance of a point 
which when looked at directly is also in focus. From this and 
the distance of the source of light, the focal length of the mirror 
may be determined 

The principal adjustments of mirror galvanometers consist, 
according to the above explanations, (1) in securing that the 
suspended system can turn freely round a vertical axis through 
the largest angles on either side of the zero position, which 
are likely to be used during the observations, (2) in securing 
that the resultant force on it with no current should be nearly 
parallel to the plane of the galvanometer coils, and (3) m 
adjusting the strength of the field to the required intensity. 

If It IS desired to adjust a galvanometer ab imtio, the first 
step should be to place the galvanometer on a firm support, if 
possible in the centre of the room so that access may be had 
to It from all sides. Freedom of motion of the galvanometer 
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eedle should be obtained by adjusting the level of the in- 
brument If it cannot be secured thus, carefully notice what 
} the cause of the impediment Possibly the needle hangs 
DO low or too high, and in that case the suspension must be 
Itered, but this should only be done by expeiienced hands 
V'hen the needle is free, observe its appioximate position of 
3st With non-astatic systems it should be in the direction 
f the lesultant field at the place of observation. If this is not 
tie case, the fibre is probably twisted. Unless the angle of 
wist IS very great, no serious erroi will result ; but instruments 
bould be provided with some means of turning the suspension 
ead, and thus untwisting the fibre so that the needle may 
ang in the proper diiection It is always an advantage to 
e acquainted with the peculiarities of each instrument, and 
iie ettects of torsion should be noted by twisting the upper 
nd of the suspension thiough a measured angle and noting the 
ngle through which the suspended magnet turns in conse- 
uence. This angle of twist will prove useful in the future use 
f the instrument, because if the suspended system is losing 
.8 magnetisation, the angle will gradually increase, and shew 
^hen the time has arrived for taking out the suspension and 
Dmagnetising the magnets. 

If the instrument is of the suspended coil type it should be 
^veiled so that the coil is midway between the poles, and the 
Diew at the head of the suspension should be adjusted till the 
lane of the coil bisects the poles of the magnet 

For the suspended needle galvanometer, if M is the 
lagnetic moment, I the moment of ineitia, T the time of 
scillation of the magnets, H the strength of the field, and 
T the torsion per unit angle of twist, we have the relation 

nd if a twist through an angle a at the upper end of the suspen- 
lon has produced an angular displacement 9 of the magnet 
ystem . 

N {oL — 6)^ HM sin 9, 
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where a will in general be sufficiently great compared to B to 
allow the latter to be neglected on the left-hand side of the 
equation If the suspension has been put together in the labo- 
ratory, the weights and dimensions of diffeient portions of it 
should have been noted, so that the moment of inert .a can be 
calculated with sufficient accuracy. In that case, the above 
relations will allow the determination of M and iV 

The value of N is of some interest in instruments intended 
for delicate work, for it determines the limit beyond which it is 
not possible to push the sensitiveness of the galvanometer, even 
if the eaith’s field be wholly neutralised 

In the case of the suspended coil instrument, if the damping 
IS not very great, the time of oscillation may be obtained fiom 
the above equation by putting ilf = 0 

The time of oscillation and the direction of the needle having 
been noted, the position where it is desired to set up the galva- 
nometer must be considered. This will generally be along a 
wall of the laboratory, or at right angles to it, and therefore not 
necessarily in the direction of the magnetic meridian A lough 
calculation will give the strength of the requited magnetic field 
which together with that of the earth will set the magnet of 
the suspended type of mstiument paiallel to the galvanometer 
coils, and give a time of oscillation which should not be greater 
than 8 or 10 seconds If the focal length of the jnirroi is about 
a metre, the scale may be set up at that distance fiom the 
mirror, but if the mirror is plane a convex lens of one metre 
focus should be fixed to the galvanometer as near to it as 
possible. If the minor is neither plane nor has the required 
radius of curvature, the focal length of a lens must be calculated 
so that, when fixed near the minor, a point of light at a distance 
of one metre should give a real image at the same distance 
The scale is now set at the proper distance, and the last ad- 
justment of focus is made either by altering slightly this distance 
or by intioducmg a weak lens to alter the diveigence of the 
beam incident on the mirror, A thin wire placed in the incident 
beam, which may also be made movable for greater facility of 
focussing, serves as the object, the image of which on the scale 
determines the angular position of the mirror 
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Very often the preceding adjustments have been made for 
the student, at any rate approximately, and in that case his hist 
care should be to check the adjustment for focus and to improve 
it when necessary If the instrument is to be used not simply 
as an indicatoi but to measure deflections, the position of the 
scale must also be looked to. It should be placed at light 
angles to the line joining its centre to that of the minor This 
IS most easily done, as explained in Section XXXIV., by measui- 
mg the distance from the ends of the scale to tlie miiroi, or if 
the galvanometer is covered by a glass shade, it will be sufhcient 
to measure the distances from that point of the shade which is 
estimated to he on the cential line. The investigation on page 
159 shews tliat if an accuiacy of one per cent m the readings 
IS aimed at, and the means of deflections to light and loft are 
always taken, the scale may be inclined as much as 8° without 
doing any haim The difference in the distances of the ends 
of the scales from the mirror should in that case not exceed the 
seventh part of the length of the scale If howevei the deflec- 
tmns to eithei side should be correct to within one per cent a 
ten times greater accuracy is required in the adjustment of the 
scale and this requiies some care in the measurements 

The last adjustments relate to the sensitiveness of the 
instrument If this is insufficient in the case of a suspended 
magnet instiument a permanent magnet should be placed 
parallel to the galvanometer needle and so that the line joining 
the centres of the magnet and needle is approximately peipen- 
dicular to their magnetic axes If the poles of the outside 
magnet point in the same direction as those of the suspended 
needle, the magnetic field will be weakened by it The magnet 
is first placed at a distance and then brought slowly neaiei, 
the spot of light being watched at the same time, so as to 
keep it near the centre of the scale. It will be found that 
when the outside magnet is brought too near, the position of 
the galvanometer needle becomes unstable and tends to be 
reversed When the magnet is placed so far away that the 
needle is just stable, the instrument is as sensitive as it can be 
made, but it will probably not be advantageous to use it in 
this most sensitive condition owing to the increase in the length 
of the time of oscillation 
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In some instruments the controlling magnet is clamped to 
a vertical rod fixed to the galvanometer stand, and its position 
18 altered by loosening the clamp and sliding the magnet up- 
wards or downwards. Some makers have adopted a method in 
which two controlling magnets at a fixed distance are used 
The field due to the two magnets may be strengthened or 
weakened by altering the angle between their magnetic axes 
In the case of galvanometers having astatic systems, the sensi- 
tiveness may be altered in the same manner by an outside 
magnet 

Delicate galvanometers may be damaged when too strong a 
current is sent through them , and very often it is not possible 
at the beginning of an experiment to make sure that the elec- 
tromotive force at the terminals of the galvanometer does not 
exceed the limit of safety In that case a “ shunt ' should be 
used This is a resistance smaller than that of the galvanometer 
and connected to it in such a way that the cun exit will pass 
thiough the galvanometer and shunt in parallel Sometimes a 
number of shunts are supplied with the instrument having their 
lesistances graduated so that only the ■^, or y^^^th pait of 
the current may pass through the galvanometer 

A shunt has been designed by Ayrton and Mather which to 
a close approximation will secure this for any galvanometer 

The sensitiveness of a galvanometer is measured by its 
power to indicate small variations of current, but it does not 
follow that the most sensitive galvanometer is the one that 
indicates the smallest variations of the quantity to be measured. 
On the contrary, a galvanometer which in the ordinary meaning 
of the word would not be called "sensitive” at all, is sometimes 
the one which will give the most accurate results. As it is 
very important that the student should clearly realise this, it is 
necessary to enter a little further into the theory of the galvano- 
meter Supposing the annular space, which is to contam the 
galvanometer coil is given, Ave may fill it either with thin or 
with thick wire ; m the former case we shall get a " sensitive ” 
galvanometer, but one having high resistance, while the thick 
wire will give a low resistance but smaller sensitiveness It is 
on the relation between the resistance and the sensitiveness 
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that the theory of the galvanometer depends. If we wish to 
replace a thick wire by one of half the diameter, we should 
be able to replace each turn by four of the thinner wire But 
fo^r turns of wire having one quarter the cross section wull 
have sixteen times the original resistance Hence while we 
have increased the sensitiveness four times we have inci cased 
the resistance sixteen times In a similar way it may be 
proved quite generally that — neglecting the space lost by the 
insulation of the wire — the sensitiveness of galvanometeis having 
the identical spaces filled by windings, will vary as the square 
root of the resistance 

Writing Ks/0 for the sensitiveness of a galvanometer where 
G IS its resistance and k a constant depending on tiie shape 
and size of the annular space containing the windings, let a 
circuit containing an electromotive force E be formed by the 
galvanometer and a resistance R, the curient will be EI{R 4- 0) 
and the deflection of the galvanometer kE^ O j(R + Q) The 
deflection of the galvanometer will therefore be veiy small 
when the resistance of the galvanometer is veiy small and also 
when it is very large, and it may easily be shewn that the 
deflection will be a maximum, when G = R Hence when small 
electromotive forces have to be measured, that galvanometer 
will be most delicate which has the same resistance as the 
external resistance. For thermoelectric work with circuits which 
generally have very small resistances, so called “sensitive*’ 
galvanometers will not be sensitive at all, and low resistance 
galvanometers will give the best results. When the circuits 
are more complicated as in the Wheatstone bridge arrangement 
the above investigations have to be extended, if it is desired to 
find the most suitable galvanometer, but the general rule will 
be found to hold, that when the external resistances aie small, 
the galvanometer resistance should be small also. 

In the case of galvanometers in which the poles of the sus- 
pended magnets come close up to the windings and in the case 
of suspended coil galvanometers, it cannot be assumed that the 
currents are proportional to the angles of deflections, even 
when these are small If theiefore small currents passing 
through the instrument are to be compared with each other, 
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the instrument should be calibrated This is most readily done 
by the method used in Section LIII (Exercise I ), a current 
being sent through a uniform wire stretched along a graduated 
scale and a suitable resistance If the terminals of the gal ma- 
nometer are brought into contact with the wire, the resistance 
of which should be small compared to that of the galvanometer, 
the cui rents passing through that instrument will be propor- 
tional to the length of wire included between the teiminals. 

A short account may m conclusion be given of the “damping’' 
of galvanometers A current passing through the instrument 
will deflect the needle, which will begin to oscillate about its 
new position of equilibrium The oscillations follow the same 
laws as those of a pendulum, and will gradually dimmish owing 
to frictional resistance and electrical damping. 

In many cases it is desirable that the needle should come to 
rest quickly, for which purpose it is advisable to increase this 
resistance, either mechanically by attaching a vane to the 
suspended system, or electiically by biinging a mass of well- 
conducting material (copper) near the oscillating magnets The 
currents induced in the copper by the motion of the magnets 
react on the latter and oppose its motion (Lenz’ law) 

When the damping is so great that the needle will not 
oscillate at all, but gradually takes up its new position of equili- 
brium, without passing beyond it, the motion of the needle is 
called “apeiiodic,” and the galvanometer is said to be “dead 
beat " 

When the instrument is used to measure the quantity of 
electricity conveyed by a large current of short duration (dis- 
charge of a condenser, induction kicks), we require the deflection 
which would be produced if there were no friction, and in that 
case the damping should be small, and must be taken into 
account (see Section LXII). A galvanometer used in this 
fashion is called a ballistic galvanometer 

The angular displacement of a dead beat galvanometer is 
repiesented by the expiession 

c (1 — 

where c is the ultimate displacement, which, as is seen, will be 
reached theoretically only after an infinite time 
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The angular displacement from its position of equilibrium 
of a damped needle whose moment of inertia is I and magnetic 
moment if*, suspended by a fibre of torsional couple 
oscillating through a small angle in a unifoim field if, and 
subject ^0 a frictional couple whose moment is 25 times the 
angular velocity of the needle, is represented by the equation 

/rnnrip ^ 

X’-c^ae I cos^ j 

whore t is measuied from the instant when x has a maximum 
value x^ 

If T IS the time of oscillation, we write 

Jyt 27r^ 
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Hence log^ - log^ (^n + 2 ~ ^n + i) = J 

or the difference of the logarithms to the base e of successive 
Bw mgs IS constant. This constant xs known as the “ logarithmic 
deciement” of the oscillation and is written \ Thus 
BT ^ B 2\ 

T I ~ T‘ 

♦ In the case of a moving coil galvanometer M=^0 
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and the displacement x of the needle at time t may be wiitten 

2irt 

X’-c — ae ^ cos 


f 

In case the numerical value of X has to be determined, suc- 
cessive turning points have to be observed, and from iaese the 
swings Xq — Xi, X 2 — Xi etc calculated We then have 


loge (Xo - X,) - loge (x^ ~ = 7lX, 

^1) lo^e (^n+a ^n+i) ~ 


etc, etc, 

so that a scries of independent values of X may be obtained the 
mean of which is taken foi the final result 

When the first deflection of a galvanometer needle is 
observed and it is desired to calculate what that deflection 
would have been in the absence of all damping, we require to 
know the value of A. As the time taken by the needle to 
pass fiom the position of rest to its first elongation is T/4, 

A 

the above equations give Xi’-c = ae where Xj is the observed 
elongation and a the required amplitude Hence 

A 

a = (xj — c) 

If X be small this 1 educes to 


a 



an equation which we shall have occasion to use 

Xixercise I. Set up a suspended magnet mirror galvano- 
meter in the given position and measure the time of oscillation 
and the logarithmic decrement of the suspended magnet when 
oscillating under the action of the earth’s force only. By means 
of an external magnet increase and decrease the time ot 
oscillation to about 3, 5, 10, 15 and 20 seconds, and determine 
in each case the time, the logarithmic decrement, and the 
value of 2X/T 

Hxercise II. Determine the electromotive force at the 
termmals necessary to produce an angular deflection of 0 1 
when the times of oscillation are 10 and 6 seconds, respectively 
Calibrate the galvanometer indications, and prepare a table 
shewing the relation between the deflection of the minor and 
the current passing through the instiument. 
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MEASUREMENT OP RESISTANCE 
THE POST OFPICE FORM OP RESISTANCE BRIDGE. 

Apparatus required : Galvanometer and scale. Post Office 
resistance hox, Leclanche cell, coils, voltmeters, platinoid ivire, 
and connecting wires 

The student is supposed to be familiar with the principle 
of a resistance bridge, and to have had some practice in the 
measurement of resistance by the simple foim of bndge. 

When two of the lesistances of the bridge are formed by 
a stretched wire, with a movable sliding contact for the junction 
leading to the battery or galvanometer as m the simple form 
of bridge, inconveniences aiise owing, (1) to the fact that the 
sum of the two resistances is fixed, being the total resistance 
of the wire, while increased accuracy could often be obtained 
if that resistance could be varied according to the value of 
the resistance to be measured , (2) to the uncertainty of the 
measurements, due to the possibility of different parts of the 
wire having unequal lesistances, or the contacts being faulty, 
(8) to the arithmetical labour involved m reducing the measure- 
ments, which IS of no importance if the instrument is only 
used occasionally, but becomes irksome by accumulation if 
many measurements are taken , (4) the want of portability 
of the instrument The requirements of telegraph offices, 
which have been the cause of many improvements in electrical 
instruments, have led to the construction of a form of a bridge 

8 p. 19 



Fig 107 a. 


Fig 107 &. 


The connections to the resistances are shewn in the diagram 
of the bridge (Fig 108). The battery and galvanometer 
circuits are bi ought to spring contacts at 
Kiy iTa, placed on the box as shewn in 
Fig 107, There is a metallic connection 
inside the box between G and and 
between A and Ki as shewn m Fig 108. 

The letters in Figs 107 6 and 108 cor- 
respond When the resistance to be 
measured is placed between B and D, 
and the battery and galvanometer connec- 
tions are made as shewn m the figure, 
the bridge arrangement is complete The arms AG and BC 
each consist in geneial of resistances of 1000, 100 and 10 ohms, 
so that P and Q (Fig 108) may either be equal in three 
different ways; or in the ratio of 10 1 in two different 
ways , or in the ratio of 100 . 1 by making one resistance equal 
to 1000 and the other equal to 10 ohms According to the 
resistances placed in the arras P and Q, to balance the bridge 
the resistance in the arm P should be S, lOS or 100>S, if P i£ 
equal to or greater than Q, and IS or OIS if P is smaller than Q 
Another variation can be made by interchanging the batterj 
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and galvanometer, and it is therefore seen that a great many 
combinations for producing balance in the bridge are available. 
But these combinations are not equally good, the unknown 
resistance being capable of measurement with greatest accuracy 
for a particular choice of P and Q, depending on the value 
of the resistance to be measured, and on the resistances of the 
galvanometer and battery circuits In nearly all cases in which 
the highest obtainable accuracy is not requiied the following 
rules, if attended to, will prove a sufficient guide to the student 
in the selection of a proper combination of resistances^ 

(1) As the resistance R between A and P in the ordinary 
P 0 box can be varied in steps of one ohm, and as one-tenth of 
that amount may with certainty be estimated by interpolation 
of galvanometer deflections, resistances of over 100 ohms can be 
measured with an accuracy of at least 1 ®/o, if the arms P and 
Q are made equal to each other. Hence if a rough measure- 
ment has shewn that 8 has a value of more than 100 ohms, 
make P and Q equal to each other If 8 lies between 100 ohms 
and 10 ohms and has to be measured to less than l®/o> ^ should 
be 10 times as great as Q, while if 8 has a smaller value than 
10, P should be 1000 ohms and Q 10 ohms 

(2) When P is equal to, or ten times as great as Q, the 
best resistance of P depends on the galvanometer and battery 
resistances For the exercises in this Section, any value will 
give sufficiently good results It is easier m each particular 
case to vary P and Q and find the most favourable combination 
by experiment, than to determine it by calculation 

(3) If the galvanometer has a greater resistance than the 
battery, connect the galvanometer circuit so as to join the 
junction of the two greatest to that of the two least resistances. 
If the battery has a greater resistance than the galvanometer, 
the battery ought to be placed between the junction of the two 
greatest and that of the two least resistances. 


^ A full discussion of the question is given in The theory and practice of 
absolute measurements in Electruity and Magnetism^ by Andrew Gray, F li S. 
and m Kemp’s Handbook oj Electrical Testing 


19—2 
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Thus if the galvanometer has the greater resistance, and if 
P = 100, Q=10 and /S = 8 so that i2 = 80, the galvanometer 
circuit should be connected to B and jSTi, and the battery to D 
and iTj, as shewn m Fig 108 Whenever P and Q aie equal, 
the best connection is that in which the battery and galvano- 
meter circuits are different to that shewn m Fig x08 

Exercise 1. Measure to the nearest ohm the given le- 
sistances The object of this exercise is to make the student 
familiar with the connections of the P O Box, and to provide 
practice m determining a resistance quickly when the highest 
accuracy is not required 

Light the scale lamp, and if the image of the wire on the 
scale is not sharp make the necessary adjustments Bring a 
weak magnet near the galvanometei, and observe the motion 
of the spot If the motion is smooth and regulai , the needle 
swings freely If it is irregular, adjust the galvanometer ac- 
cording to the instructions in Section LVIL Make connections ' 
to the galvanometer and Leclanche cell as shewn in Fig. 108 
Rule columns in your note-book and record the zero reading 
of the galvanometer, as indicated in the Table below Make P 
and Q each equal to 1000 ohms Take a resistance of 1000 
ohms out of the bridge arm AD, and to begin with, leave the 
resistance to be measured disconnected 

Press the key to make the batteiy circuit, then for an 
instant the key Ki to make the galvanometer circuit, and 
release first Ki, then Obeerve in which direction the spot 
of light moves, and note that in the subsequent measurement a 
deflection m the same direction will always mean that 8 is larger 
than R, %e that the resistance in the arm AD is too small. 

Now connect the resistance to be measured as shewn in the 
figure, and see that all plugs which are not taken out of the 
box are firmly in their places, and that all screw contacts are 
clean and secure. Again press down and then Ki, observing 
m which diiection the galvanometer begins to move Release 
Ki quickly, so as to avoid passing a possibly large current 
through the galvanometer for a longer time than is necessary. 

If the galvanometer is deflected in the same direction as 
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before, this shews that the resistance to be measured is greater 
than 1000, because R being 1000, the deflection is in the same 
direction whether S is equal to the given^esistance or infinitely 
large In that case a higher value should be tried in the arm 
AD, say 5000, and so on until a resistance has been found which 
gives a deflection in the opposite direction Having thus 
ascertained by trial that the resistance lies between say 1000 
and 5000 some intermediate resistance should be tried, say 
3000, and the direction of deflection will then shew between 
which limits the right value for balance lies A succession of 
trials each time approximately lialving the interval will 
quickly reduce the limits, until two values of R are found 
differing from each other by one ohm The one which gives 
the smallest deflection will give to the nearest ohm the correct 
resistance of S Similarly should S have been found to be smaller 
than 1000, successive tiials of 500, 250 etc will ultimately give 
a lower limit, and when this is found a successive halving of the 
interval will again give the required resistance 

The chief precaution to be taken by students is to avoid 
confusion as to the meaning of the defections to one side or the 
other As soon as it has been ascertained to which side the 
defection takes jilace when the resistance taken out is too small, 
i e the direction of motion of the spot of light when S is not 
inserted in the circuit, this direction must be carefully and con- 
spicuously noted so that no mistake will afterwards be made 

The reason for pressing down the keys and /f, in suc- 
cession is to avoid the effects of the self-induction of the 
resistances or galvanometer, which may cause a different distri- 
bution of currents at the instant of making the battery circuit 
to that which obtains afterwards Pressing the key when 
the connections are as in Fig 108 completes the battery circuit, 
and as the period during which the current is affected by 
self-induction is veiy short, can be pressed down almost 
immediately 

Before an approximate balance has been obtained, the 
galvanometer key should only be pressed down for a suflBcient 
time to shew in which direction the needle moves, as it is 
desirable to avoid as much as possible the passing of un- 
necessarily large currents through the galvanometer When 
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the balance is nearly right the key is kept down until the 
deflection can be read off either by noting the amplitude of 
the first swing or by 'Waiting till the needle has come to rest. 

Determine the resistance of the coils provided and arrange 
your results as follows 

20 January, 1898. 

Galvanometer No. 2 (Resistance == 67 ohms), Resistance box 0. 
P - 1000 Q = 1000. 


Ji 

Zero 

Deflected 

reading 

Deflection 

1000 

(S=®) 

601 

to right 

+ 

1000 

• 

to left 

- 

500 


tf 

- 

200 


to right 

+ 

400 


51 4 

+ 1 3 

460 


46 2 

~39 

420 


49 2 

- 9 

410 

601 

50 3 

+ 2 

412 


50 1 

i zero 

413 


50 0 

- 1 

411 

601 

50 2 

s + 1 


il 

11 

412 ohms 



Until a student has obtained sufficient practice, his Book 
of Observations should contain a statement of all his observa- 
tions as above In wnting out his results one example should 
be given m full , for the other resistances measured, the results 
only need be given. 

Exercise II. Determine the same resistances to the 
greatest accuracy which the apparatus at your disposal will 
allow 

The resistances having been approximately determmed, the 
student should for each of them separately consider the rules 
mentioned at the beginning of this section and fix on the values 
of P and Q which he considers most suitable. The rule about 
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be attended to When the galvanometer and battery circuiti 
are interchanged, the order in which the keys and iTi au 
pressed down must of course be reversed also From his 
previous results he will at once be able to take out of the aur 
AD the plugs necessary to adjust the balance almost correctly 
A few further trials, if necessary, will then again lead him to 
the two values R and J? + 1 between which the balance lies 
The deflections for both these must then be carefully obseived 
on the scale, and by interpolation one, and possibly two 
decimals may be found 

If the deflections are not sufficiently large, the galvanometer 
must be made more sensitive Kesistances of not less than 
five ohms should in each case be accuiately determined to 1 7o 
and if possible more accurately. To ensure this accuracy, 
however, with the smaller resistances it will be nece&saiy to 
attend carefully to the connections and to make sure that the 
plugs in the resistance box are firmly in their sockets 

If the resistances are of copper or some othei unalloyed 
metal, the resistance of which increases about 1 % for every 
3° C , the temperature should be noted, and the current should 
be passed through the coil for as shoit a time as possible, so as 
to avoid heating effects, otherwise the resistance will be found 
to increase gradually. To make sure that no such change is 
taking place, the observations should be repeated Owing to 
the temperature effect, the accuracy obtainable with pure 
metals is much smaller than with alloys, which have a small 
temperatuie coefficient 

Enter your results as follows : 



Material 

P 

Q 

Junction between 
P and Q 
connected to 

R 

Temp 
of coil 

Coil No 1 

Copper 

1000 

1000 

Galvanometer 

4123 

16' 2 

i> » ^ 

Platinoid 

100 

• 

10 

Battery 

68 25 

16“ 4 

.1 >1 5 

Manganm 

100 

10 

j Battery 

7 423 

15“ 9 



29G 


MAGNETISM AND ELECTRICITY 


Lvm 


Exercise III. To determine the resistivity of the material 
of a wire. 

Measure the resistance of the wire provided to 1%, 
noting the length of the wire under the screws which clamp 
it to the resistance box Measure the diameter of the wire in 
four places and the total length Subtract the length under 
the clamping screws from the total length, and calculate the 
resistivity 

Arrange your results as follows : 


21 January, 1898 
Resistivity of Platinoid. 

Total length of wire . . . ^ 100 2 cms. 

Length under screws ... - 1 7 „ 

Length (i) used ... . . ... = 98 5 „ 


Diameters at different places by 
screw gauge 
Mean diameter ... 


Mean cross section (a) 
Resistance (jB) 

Resistivity = ^ 


= 0842, 0344, 0346, 0348. 

= 0345 cms 
= 000937 sq cms. 

= 4 205 ohms 

= 40 0 X 10“^ ohms/cc. 
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SECTION LIX. 

MEASUREMENT OF A HIGH RESISTANCE 

Apparatus required : High resistancesy one about 80,000 
ohmSf another about a megohm^ insulating material^ resistance 
boxeSy cells and mirror galvanometer 

When the resistance to be measured is large compared 
to that of the most sensitive galvanometer available, the 
resistance bridge loses its advantages and ceases to give 
more accurate results than simpler and more direct methods 
When the accuracy required does not exceed about 1 ®/o these 
simpler methods will be sufficient 

If a standard resistance of approximately the same value as 
the one to be measured is available, the method known as the 
“ direct deflection method ” may be used 

Let a cell of resistance B ohms be connected in series 
with a high resistance of Ri ohms, and a 
mirror galvanometer of resistance Q ohms 
(Fig 109) 

The current Gi through the circuit is Fig 109. 

given by 

n - ^ 

+ G + 

Similarly when a second known resistance iZj is substituted 
for jKi, 

+ G + 

so that 

B + 0 + R^=^^{B + Q + R^). 
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The battery resistance will in nearly all cases be quite 
negligible compared to the high resistance to be measured, and 
the resistance of the galvanometer will be known or must be 
determined by an independent measurement. Hence Ri being 
known, can be calculated from the above equatica, if the 
galvanometer deflections di and corresponding to and G^ 
are observed, and the ratio of the currents deduced from the 
ratio of the deflections If the indications of the mirror 
galvanometer have been calibrated (page 288) a Table is 
probably available in the laboratory by means of which de- 
flections may be converted into currents. In the following 
exercise it is assumed that results of sufiBcient accuracy may 
be obtained by taking the deflections to be proportional to 
the currents In that case the unknown resistance jRg is 
given by 

) I - - iJ, I + 

and if 0 IS small compared to Ri and R^ 

JLL^ • 

Taking a resistance box having a total resistance of not less 
than 10000 ohms as jBj, determine the re- 
sistance iia of the coil provided Arrange the 
circuit as in Fig 110, the resistances to be 
compared being placed side by side in such a 
way that either one or the other may be put in 
circuit with the battery and galvanometer 

If the deflections of the galvanometer with Ri in circuit 
are too large to enable obseivations to be taken, dimmish the 
sensitiveness of the instrument by an external magnet till they 
are within the limits of the scale If this is not possible 
arrange the circuit as m the second method described below 
If the resistance to be determined is more than three or four 
times that of the standard, the ratio of the currents will not 
be capable of measurement to a sufficient degree of accuracy by 
the direct deflections The method should then be modified 
by the addition of an arrangement which allows the electro- 
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motive force to be varied in such a way that the deflections 
di and are not very unequal 

For this purpose a cell of small resistance B is connected to 
the ends of a resistance box containing 
r (about 1000) ohms The galvanometer 
in series with the high lesistance to be 
measured is connected across part only {r^) 
of the resistance (Fig 111 ), and this pait 
ma}^ be vaiied 

Let the resistance to be measured be Rq, Fig ill 

the standard resistance iii, and the galvanometer resistance 0 
Let ^ + r = be the total resistance in the cell circuit, and 
rj that part of it between the terminals of the galvanometer 
circuit when jRj, and when is tested, the currents thiough 
the galvanometer being in the two cases Ci and Then if 
E IS the electromotive force of the cell a simple application of 
the laws of deiived circuits gives 

G + iJ, + n - ^ r, 

? r _ B 

h, Ti 

C\ 62 

from which we find 





in which in general r may be substituted for r without appre- 
ciable error 


Hence jRa may be determined, if G is known and we can find 

G 

the ratio ^ from the galvanometer deflections If the currents 

Go 


are not proportional to the deflections the galvanometer must be 
calibrated If the currents Gi and G2 produce deflections which 
when corrected for calibration errors are equal to di and da» 
Gi/G^^^di/di, and the above equation becomes 







The calibration can be avoided and the arithmetical work 
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shortened if the resistances ri, are so adjusted that the de- 
flections are equal In that case 




r' 


If the resistance G of the galvanometer is unknown we may 
either determine it, or eliminate it from our equations, by 
taking a third observation with the known resistance changed 
considerably in value If iJ/ is its new value, r/ that of and 
C/ that of Cl, we have 


Hence 


r 

0? 


E 


O', c, 

6V 


from which i ?2 may be calculated. 

If 0 IS to be determined the most suitable values of Rj and 
ri to use are discussed on p 364 

Determine by this method the resistances of the blacklead 
line, and of the samples of insulating material provided From 
the dimensions of the samples, calculate the resistivities of 
the different matenals 

Assuming the deflections to be proportional to the currents, 
tabulate your observations and results as follows 
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Direct Deflection Method 
20 January, 1898 

Galvanometer No 2 (Resistance 6,030 ohms) 
Standard Resistance (Ri)= 10,000 ohms 


Resistance 

Deflection 

10000 

r)08 7 

K 

274 5 

loobo 

510 3 


<7, = 609 5 


rfj=274 5 


/)00 5 

R, = 16430 X ~ 6030 = 24,460 ohms 

— ^ 

Shunt Method 
20 January, 1898 
Galvanometer No 2 
Standard Resistances from box C. 


R 

1 = 11,110 ohms 

»-i 

Deflection 

5000 ohms 

14 ohms 

31 1 

Pencil Line 

1110 „ 

30 7 

11,110 ohms 

22 „ 

31 2 


_ 5000 + 1096 (l - — ) COOO + 8 (l - J 

• 1110_ 14 "" 22 U ' 

30 7 31 1 ^~31~T 

iJa- 3917 ^6008 
37 74 255 * 

/ R^ = 893,000 ohms 

Similarly for the samples of insulating material, which may 
require the ratio r^/vi to be made greater than was necessary in 
the above case 
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SECTION LX. 

MEASUREMENT OF A LOW RESISTANCE 

Apparatus required : Low resistances and standard 
low resistance, Darnell cell, two four-way keys, and mirror 
galvanometer 

When a resistance which is only a small fraction of an ohm 
lb to be measured, the resistance bridge is no longer capable 
of giving accurate results owing to the uncertain resistances 
introduced at the various contacts being com pai able with the 
resistance to be measuied Several special methods of measure- 
ment have therefore been devised, one of which is known as the 
“ fall of potential method It depends on the comparison of 
the differences of potential produced by the same current at 
the ends of the unknown resistance and of a known standard 
resistance 

The two resistances and J ?2 (Fig 112) are connected in 
series with a third resistance i2 of a few 
ohms, introduced to regulate the current, 
and to a cell B giving a constant electro- 
motive foice, eg, a Daniell. Fiom the 
ends of the two resistances Ri and R^, 
wires are taken to keys which enable each 
resistance to be placed in parallel with a 
galvanometer 0, the resistance of which is 
high compared to the resistances under 
test^ When this is the case, the currents in the galvanometer 
will be proportional to the diffeiences of potential at the ends 
of the resistances, which will m their turn be proportional to 
the resistances themselves The galvanometer should give de 
flections sensibly proportional to the currents passing through 
^ If tbiB 18 not the case 

■^1 ^1 *)” JS + *!■ 1^2) ^ '^2 (F ■®) Fj 

+ + + {B + i2) i?2 ’ 

where and Cg are the currents through the galvanometer when connected to 
JRj and jRg > a>iid B is the resistance of the cell. 
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it. If this 18 not the case or if and iJj differ greatly 
the fall of potential down each must be balanced against 
that down the resistance A of an independent circuit as in 
Fig 120. 

Determine by this method the resistance of the three con- 
secutive lengths marked A, B and G of the given wire, and 
compare the sum of the lesnlt with that obtained by testing the 
resistance of A, B and C in senes 

The connections to the galvanometer may be arranged by 
means of two four- way keys, Ki and as indicated in Fig 112, 
the plugs being inseited to connect the galvauometei to the 
two lesistances in turn. 

After making connections proceed as follows 
Make ii=10 ohms, connect the galvauometei to R^, and 
lead the deflection If the deflection is so great that the spot 
of light leaves the scale, increase R 

Connect the galvanometer to R^ and again read the 
deflection 

If the larger of the two deflections is not at least half-way 
across the scale dimmish R till it is as large as can conveniently 
be read Determine it accurately. Transfer the galvanometer 
terminals to the othei resistance and read the deflection, then 
return to the former and again read the deflection. If any 
measurable change has occurred take two more observations 
and record as shewn below. In the reductions, assume that 
the galvanometer deflections are proportional to the currents 
Enter your observation as follows : 

10 June, 1899 Galvanometer No 3. Resistances marked A, -B, (7 


Galv connected 
up to 

Deflections, 
scale diyisions 

Mean 

B, 

Ag= 01 ohm 

114 

29 4 

115 

29 8 

1145 

^ 1145 
29 6 

3 87 


Hence A = 0387 ohm 

Similarly for the other given resistances, B and G 

Check the results by measuring the resistance A + -B + (7. 




04 


SECTION LXL 

MEASUREMENT OF THE RESISTANCE OF A 
GALVANOMETER 

KELVIN’S METHOD 

Apparatus required: Qalvanomete? , Post Office resistance 
box, Leolanch6 cell, resistance box of 1000 ohms and connecting 
wires 

If the four arms of the resistance bridge (Fig 108, p 290) 
satisfy the relation PjQ — RjS there is no difference of potential 
between the points A and B, and if they are directly connected 
by a wire, no current will pass througli it Hence the intro- 
duction of such a wiie would not alter the strength of the 
current in any of the arms of the bridge Conversely, we may 
conclude that if the current in any one of the branches is the 
same whether A and B are directly connected together or not 
the above relation is satisfied. If the branch R contains a 
galvanometer, the deflection of which serves to indicate the 
strength of the current through it, we may judge whether the 
resistances are balanced or not by making and breaking the 
contact of a wire connecting A and B If the deflection is 
the same in both cases the resistance in the branch R must 
be equal to PSjQ and may therefore be determined without 
the assistance of a second galvanometer between A and B 

The above considerations lead to an interesting and useful 
method of determining the resistance of a galvanometer To 
obtain accurate results it is m general necessary to send through 
the instrument a current which undei ordinary ciicumstances 
would drive the spot of light off the scale Reducing 
the sensitiveness of the galvanometer so as to make the 
deflection measurable would not get over the difficulty, because 
the test itself would become less sensitive It is possible 
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however to work with a large deflection and yet have the spot 
of light on the scale, because the zero reading of the galvano- 
meter IS not required and may theiefore be outside the limits 
of the scale In the case of a galvanometer of the suspended 
needle type, it is convenient to begin by deflecting the needle 
till the spot of light 18 at the end of the scale by means of a 
weak magnet arranged so as to alter the direction of the field 
at the needle without increasing its strength The battery is 
then connected to a resistance r (Fig 113, p 306) so that 
only a portion of the curient passes through the bridge, the 
spot of light IS brought on to the scale by adjustment of the 
resistances r and rj is then increased, and the magnet moved 
so that it still brings the spot of light on to the scale without 
materially inci easing the strength of the magnetic field at the 
galvanometer needle 

In the case of a D’Aisonval galvanometer, it is only necessary 
to rotate the whole instiument through an angle of about 30° 
and to adjust r and r^, until the spot of light appears on 
the scale 

When the resistance Q of the bridge may bo made smaller 
than the resistance of the galvanometer, the best arrangement 
is to have Q as small as possible, and P as large as it can be 
without P being caused to exceed the maximum resistance 
available in the arm AD The battery should come between 
the points A and B,%e , the batteiy and short circuiting wire in 
the figure should be interchanged When the lowest available 
resistance of Q is larger than the galvanometer resistance, Q 
and P should be made equal to each other and as large as 
possible, and the batteiy should then be connected as shewn m 
the figure If the resistance of the galvanometer is not even 
approximately known the last- mentioned arrangement is the 
most suitable and the sensitiveness will generally be sufficient 

In the following exercise, it is required to measure the 
resistance of a d’Arsonval galvanometer, the method for other 
galvanometers only difieiing as explained above in the means 
adopted to alter the zero reading 

Make connections as shewn in the figure With small 
and r large, pass a current of short duration through the 

20 


s P 
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galvanometer by pressing down the key 
for an instant 

Turn the galvanometer through an 
angle of about 30"^ or 40° in the opposite 
direction to that in which the spot ot light 
moved on making contact 

With P = Q = jR = 1000 close the bat- 
tery circuit at the key and adjust 
and r until the spot of light is on tlie 
scale This is done most lapidly by 
watching the galvanometer mirror itself 
instead of the spot of light Press the shoit circuiting key 
Ki and obseive the side to which the spot of light moves 
Then make R = 5000 and repeat the observation If the 
motion IS in the same diiection as the first it indicates that 
S lies below 1000 or above 5000 The first supposition being 
the more probable in the piesent case, repeat the obseivation 
with R = 500 

Proceed as m Section LVIII to find the value of R for 
which the spot of light does not move when the key Ki is 
closed 

If no value of R satisfies this condition, find the values 
diffenng by unity, for which the deflections aie in opposite 
directions Determine these deflections and find the value of 
R for accuiate balance by interpolation 

If the resistance of the galvanometer is greater than the 
lowest available resistance of Q, which will be 10 with the 
lesistance boxes in common use, connect the short circuiting 
wire to C and D thiough iTj, and the battery circuit to A and B 
through Ki Make Q = 10 and P == 1000 if a lesistance of 
100 S can be placed in the arm AD, otherwise make P == 100 
Take out of the branch AD the resistance which according to 
the previous determination should produce balance, and if 
theie is a deflection proceed to impiove your result When 
the balance is nearly perfect stop the current and wait a few 
minutes in order to allow the galvanometer coil to take up the 
temperature of the room, it having probably been heated by 
the passage of currents sufhciently to aflect its resistance 
sensibly Tlien repeat the obseivations 
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Enter your results as follows • 

9 June, 1899. 

Galvanometer D' Arson val C, 

Battery joining C and D. 

P = 1000, Q=1000. 


R 

Reading with 
AB open 

Reading with 
AB closed 

Deflection 

1000 

15 1 

+ 

large to right 

5000 

12 1 

+ 

n 


500 

23 2 

+ 

>> 

>> 

100 

25 4 

— 

„ to left 

300 

24 0 

41 3 

+ 17 3 

200 

24 0 

22 5 

- 1 5 

220 

23 6 

24 5 

+ 

9 1 

210 

23 4 

22 4 

1 

- 1 0 


Resistance of galvanometer = 215 app. 

Temperature of room = 16° 4 C 

The battery and short circuit were now interchanged and 
with Q = 10, P=100 it was found that P=2154 gave a 
balance but that this resistance seemed slowly to increase 
owing no doubt to the heating of the curient The same 
result was obtained after waiting five minutes Hence for 
the final result 

Resistance of galvanometer C = 215 4 

Tempeiature = 16°’4 C 


20—2 
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SECTION LXTL 

DETEBMINATTON OF THE RESISTANCE OP A CELL. 
lodge’s modification of mange’s method. 

Apparatus required : Darnell and Leclanchd cells, Post 
Office resistance box, high resistance galvanometer. 

If in the lesistance bridge arrangements (Fig 108, p 290) 
the relation P8 = QR is satisfied, the arms of the bridge CD 
and AB are said to be conjugate to each other. No electio- 
motive force in one of these arms will produce a current m 
the other, and no change of resistance in one of them will 
modify any current in the other pro- 
duced by electromotive forces in one or 
more of the blanches of the bridge 

This fact was first used by Mance to 
determine the resistance of a cell. He 
placed the cell in one of the arms, and 
replaced the batteiy, which in the or- 
dinary resistance bridge supplies the 
current, by a simple key (Fig. 114) 

Owing to the presence of the cell in BD 
a current passes through the galvano- 
meter, but when PjQ = RjS this current should be the same 
whether the contact at is open or closed. 

To prevent a large cuirent passing through the galvanometer 
it should in the first instance be shunted by a small resistance 
which can be increased as the balance is made more accurately. 
The key should only be piessed down for one quarter of the 
period of the galvanometer to allow the fiist deflection to be 
read. The closing of the circuit at though it does not affect 
the current in the galvanometer branch, will increase the 


0 
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current through the cell itself, and this increase is accompanied 
by changes in the resistance and electromotive force of the cell 
This IS a disturbing cause which affects all measurements of 
tihe resistance of a cell, but the difficulty may to some extent 
be overccme by allowing the key to be closed only for a veiy 
short interval of time 

The modification of Mance's method introduced by Lodge, 
gets over the difficulty by the introduction of a condensei in 
senes with the galvanometer (Fig. 115), The condenser will be 
charged to a diffeience of potential equal to that between the 
points A and jB, and whenever a sudden change in that 
difference of potential occurs, an instantaneous cm rent will 
pass thiough the condenser When however the relation 
PjQ^RjS is satisfied, the galvanometer will not be affected 
by the sudden pressing down of the key ifa. 

The most sensitive arrangement for the determination of 
the resistance of a cell is that m which Q is equal to the 
resistance of the cell and P is as large as possible. The 
connections should be as in Fig 115, the short circuiting key 
being in the branch CD It is more important that Q should 
be nearly equal to the cell resistance, than that P should be 
large If P = 10Q the arrangement has 90®/© of the greatest 
possible sensitiveness, but when Q=10/S the sensitiveness is 
reduced in the ratio of 10 to 1. Hence when the cell has a 
very low resistance, either some special arrangement should be 
made to reduce the value of Q, or an accurately known re- 
sistance should be placed in senes with the cell, so that the 
total resistance of 8 is not less than 
half that of the lowest available value 
of Q 

Set up a Daniell cell, taking care 
that the zinc is not covered with a 
deposit of copper Place it in the arm 
BD of the Resistance-Bridge Box ABGD 
(Fig 115), putting a plug key K m 
circuit, m order that the current can 
be stopped except when observations are Fig 116 . 

being taken. 
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Place a condenser T of about *3 microfarad capacity in series 
with a high resistance galvanometer, and connect to the bridge 
as shewn. Make Q = 10, P = 1000, and choose for first trial a 
resistance R which you expect to be greater than that of the 
cell to be tested, say 100 in the present instance. Male circuit 
at Kiy then momentarily at Note the direction m which 
the spot of light moves Reduce the value of R and proceed 
as m Section LVIII to determine its value for balance If the 
key is held down, the spot of light will be seen to drift owing 
to changes in the cell brought about by the passage of the 
current Wait five minutes without passing a current through 
the cell, and determine the resistance again. Repeat again 
after a further five minutes 

Determine the resistance of the Leclanch6 cell in the same 
way, then placing the two cells first in senes, then in parallel, 
determine their joint resistance 

Record as follows 


6 February, 1899 


P = 1000, Q = 10 ohms. 


1 


2 


3 


4. 

6 . 


Daniell cell, No 3 

Balance obtained with R — 515, le /S = 5 15 ohms. 
After five minutes . . .. = 5 lO „ 

After further five minutes . . . = 5 07 „ 


Leclanchd cell, No 4. 

Approximate balance obtained for R 

between 470 and 480 iS = 4 75 approx 

After five and ten minutes the resistance was approxi- 
mately the same 
Leclanch6 and Daniell cells. 

(a) in senes . ... 9 9 ohms. 

(b) in parallel .. . ... =26 „ 

Calculated resistance case (5) ... =98 „ 

case (c) ... =25 „ 

Leclanch4 cell, No 4 =48 „ 

Daniell „ „ 3 = 5 02 „ 

In making the calculations under 3 use the means of 
1 and 5, and of 2 and 4. 
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SECTION LXTII. 

COMPAEISON OF RESISTANCE STANDARDS 

CAHEY FOSIER’s METHOD 

Apparatus required : Garey Fosters bridge with wter- 
changing switch, two equal i e^i stances, standaids to be coinpaied. 
mil ) 01 galvanometer , voltaic cell 

When neaily equal resistances, as for instance a number 
of ohm fetandardb, aie to be compared together with gieat 
accuiacy, a modification of the bridge method due to Carey 
Foster may be used 

The two propoi tional arms” P, Q (Fig. 116) of the budge 
are made as nearly as possible equal, and 
the two standaidb R, S to be compared, 
together with a straight wire CO' join- 
ing them, form the othei aims The 
standards P, S are connected to the 
bridge in such a way that they can be 
readily interchanged by means of a 
switch having mercury contacts The 
wire CO' is stretched along a gradu- 
ated scale, on which the position of the 
point of contact of the sliding connection leading to the 
galvanometer may be read off 

Let a balance be found when the galvanometer contact is 
made at a point reading w along CC\ R and 8 being placed 
as shewn in the figure, and let w' be the position for a balance 
when R and 8 aie interchanged. Let p be the resistance 
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of a length of wire CG' equal to one scale division, then since 
the resistance from B to D through GG' remains the same on 
interchanging li and Sy the sum of the resistances BL and LD 
remain the same , and since when there is a balance their ratio 
must also be the same, it follows that the resistance from Bio L 
is the same before and after the change 

Hence px=^S-t‘ px' 

or 8 — R — p{x — x') 

If p is known the diffeience between R and 8 can therefore 
be calculated. To obtain p dimmish the effective resistance of the 
larger of the two resistances R and which if we take x> x' will 
be 8y by placing a large known lesistance 8^ in parallel with it 
Balance, interchange the two aims, and balance again Adjust 
/Si so that the leadings are neaily the same as those taken 
previously, and the same pait of the wire is therefore in use 
in each case Let x^ and a?/ be the two readings, wheie 

Xy ^ a 1 

Then 

^ ^ ' p (a?! ~ iTi ) 

Eliminating R we obtain 

_ 1 

8 + Si {xi - Xi') + {x- x) ‘ 

If p IS not required we may eliminate it and obtain 

a __ D _ X — X 

8 + Si {xi — Xi) 4- (a? ~ x') * 

If it is assumed that the bridge wire is uniform, so that 
its resistance is strictly proportional to its length, it is not 
necessary to make the two sets of readmgs of x nearly alike. 

See that the mercury contacts of the switch are clean. 
Place the teirainals of the two equal coils, which are best wound 
on the same bobbin, and those of the two coils to be compared 
m the mercury cups provided for them in the mercury switch. 
Connect the galvanometer, and through a key the Leclanch4 cell, 
to the bridge, attending to rule (3), p 291 Place a thermo- 
metei m the centre tube of each coil, and when the indications 
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have become steady, read the temperatures. Obtain a balance 
and note the reading of the sliding contact. Reverse the con- 
nections of the standard coils by moving the switch, balance 
again and note the leading. Read the thermometer again 
Place, in parallel with the higher of the two resistances, which 
we will assume is S, a high resistance of amount suflScient 
to displace the point of balance by the distance previously 
found, if that was more than a few cms, if not by about a 
fourth of the length of the wire, and determine the position 
for balance. Again reverse and balance. Read the tem- 
peratures. 

Record as follows : 

2 October, 1900. 

Wolff’s standard 1 ohm (R) compared with Hartmann and 
Braun’s standard 1 ohm {S) 

Temperature coefficient of R said to be zero 
„ „ 00020 

S according to the certificate is correct at 18° 2. 

Balance with R on left side of bridge = 24 38 cms, 

,, „ ^ ,, „ ,, •, X 24 76 ,, 

. . 37p, ^ = 16°-15 

100 ohms were placed in parallel with S and the difference 
in readings now found to be 4 52 cms 

Hence ^ M • 452^^ 

= = 00239 ohms per cm. 

419 2 ^ 

B — S= 00239 X ’37 = ’OOOSS ohma. 

Besistance of S at 15° 2 = 1 — 00060 = ’99940 ohma, 
of B at 15° 2 = 1 00028 ohma. 
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SECTION LXIV. 

CHANGE OF ELECTRICAL RESISTANCE WITH 
TEMPERATURE 

Apparatus required : Two coils of wire in a tube which 
can be raised in temperature, Post Ofice bridge, voltaic cell, 
and mirror galvanometer 

The electrical resistance of a wire of a pure metal increases 
lapidly with increase of temperature, while that of a wire of an 
alloy increases more slowly, and by a proper choice of the con- 
stituents, may be made to remain neatly constant at ordinary 
temperatures 

To determine the change of resistance of a wire due to 
temperature, the wire may be wound round a sheet of mica 
and placed, along with a thermometer for indicating its tem- 
perature, in some insulating oil in a test tube surrounded by 
water which can be heated 

The apparatus supplied is constructed on this principle. 
It consists of a brass vessel, m which is placed a test tube 
containing two coils, one of copper and one of platinoid wire, 
immersed in petroleum and joined to the three screws on the 
wooden disc through which the tube passes, in such a way that 
the middle screw is connected to one end of both coils, while 
the other ends of the coils are separately connected to the 
other two screws. 

Fill the brass vessel full of tap water, and place the disc 
through which the test tube passes over the vessel, so that 
the tube is immersed in the water (Fig 117) Connect the 
common terminal of the two coils to a Post Oftice resistance 
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bridge in the usual way, and the othei terminals to two of the 
screws of a three-way key, the third screw of 
which IS connected to the other bridge ter- 
minal, and determine the resistance of each 
coil at tl e temperature of the bath 

Measure the resistance of the wires con- 
necting the coppei coil to the budge, by 
clamping the two ends under one of the disc 
screws, and adjusting the bridge for a balance 
Do the same for the connecting wiies to the 
platinum coil, then sciew up the wiies as at 
the commencement, and repeat the detei- 
mination of the resistance of each coil 

The galvanometer should be sufficiently 
sensitive to allow the thousandth part of an 
ohm to be estimated, and the temperatuie 
readings should be concct to 05° C 

Raise the temperature of the watei to 
about 20° C , and keep it at that temperature till the reading 
of the theimometei in the test tube is steady, then repeat the 
observations of the resistances of the two coils 

Take further obseivations at about 30°, 40°, 50°, 60°, then 
cool the water, and redeteimine the resistances at the same 
temperatures (within about a degree) as pieviously 

Finally ledetermme the resistance of the connecting wires 
Record foi each coil as follows 

12 December, 1898 
Resistance Box G Coils No 3. 



Copper Coil 


Temp C 

BeHistanco ohms j 

Temp C 

Kcsistance ohms 


apparent 

true 


apparent 

true 

leads 

13 62 ° 

099 

4 267 

4 168 

leads 

13 58° 

101 

4 263 

4 162 

20 15 

4 378 

4 274 

20 05 

4 369 

4 258 

29 80 

4 61H 

4 418 

29 90 

4 534 

4 434 

39 16 

4 652 

4 652 

39 35 

4 684 

4 684 

49 50 

4 827 

4 727 

49 60 

4 843 

4 748 

59 90 

5 015 ! 

4 916 

69 70 

4 981 

4 881 ! 
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Diaw curves represeuting the results, taking temperatures 
as abscissae and resistances as ordinates 

It will be found that for the copper coil the curve is almost ^ 
a straight line, which, when produced m the diiection of tem- 
peratures below the freezing point, gives zero resist mce ap- 
proximately at the zero of absolute temperature 

Pure metals behave generally m the same way but alloys 
do not 

The resistance of a puie metal may be represented very 
accurately by the equation 

= +a^ + /3^^), 

where u is the lesistance at f and Vq at 0°, and a and are 
constants depending on the nature and state of the metal 

The temperature coefficient of increase of eloctiical re- 
sistance at f IS the increase m resistance of a conductor for a 
rise of temperature from to + divided by the 

resistance of the conductor at 0° C 
It is theiefore in the above case a + 

The quantity y8 is small compared to a: thus for pure 
platinum ‘ 

a = + 00392, ^ = -0 000,000585. 

For many purposes it will be sufficient to neglect /3, and to 
take a to be the mean temperature coefficient for the lange of 
temperature considered. In that case, writing and R^ for 
the resistances at the tempeiatures ti and we have 

=7o(l + ati\ 

Ri = 7 0 (1 d" 

and by elimination of r© 

^ _ i?2 — Ri 

•Ri ^2 "R-^x ^ 

"R^R, 

The first formula involves rather less calculation than the 
second, but the second allows a more symmetrical aiiangement 
of the observations and calculations, and as tables of reciprocals 

1 Holboru, Ann dex Fhys^ vi p 251 (1901), temperature on Nitrogen Scale. 
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should be available in eveiy laboratory, the introduction of con- 
ductances i in place of resistances involves little additional 
labour. 

Calculate the temperature coeflScient of the electrical re- 
sist ince of copper by taking the mean of each pair of nearly 
equal tempeiatures in the fiist and fourth columns of the above 
Table and the mean of the resistances found for tliese tempera- 
tuies. Arrange them m two sets and cai ry out the woi k as follows 

12 December, 1898 
Copper Coil 3 


Mean 

temp 

Cent 

Mean 
resist 
Ohm a 

1 

It 

t 

R 

Mean 
Unip * 
Cent 

Mean 

resist 

Ohms. 

1 

It 

t 

li 

Oiff of 

1 

n 

Diff of 1 
t \ 

li 

Hat 

13 60° 

4 165 

2401 

3 265 

39 25° 

4 568 

2189 

8 591 

0212 

5 326 

00 i 

20 10 

4 26G 

•2341 

4 711 

49 55 

4 735 

2112 

10 466 

0232 

5 755 

4 

29 85 

4 426 

2259 

G 741 

59 80 

4 898 

2042 1 

12 211 

0217 

5 467 1 

1 

3 


a = mean = 


003 


Reduce the results for the platinoid coil in the same way 
and examine whether in its case the above simple relation 
between temperature and resistance holds 


Note on Platinum Thermometry The measurement of 
change of resistance due to change of tempeiature has become 
of considerable importance, since it has been found that it may 
serve as a basis for the measurement of temperature One of the 
advantages of this method is, that by the use of a metal with a 
high fusing point, eg platinum, it may be applied to tempera- 
tures which are so high that mercury or air thermometers 
cannot be used. A platinum thermometer must agree with 
the ordinal y scale at the fundamental points 0° C. and 100° C , 
and this may be secured by defining the temperature as measured 
by the platinum thermometer {tp) to be 
tp 

100 noo— n* 

where n, n, r,oo are the resistances of a platinum wire at 
0®, fy and 100° respectively. This definition makes the nse of 



318 


MAGNETISM AND ELECTRICITY 


LXIV 


temperature proportional to the increase in the resistance, and 
secures also that when Vf is equal to Vq or rio^ the tempeiature 
indicated shall be 0 or 100 respectively. 

The difference between a platinum and a gas thermometer at 
any temperature can be calculated if the change of resistance of 
platinum as depending on the indications of the gas thermometer 
IS known Thus putting 


n = ^o(l ’\-OLt-i-0t% 


where t is the temperature as measuied on 
we find by substitution 

_ -f /3t- 

and 


"^^"■a+lOOye 100 V loW 


where 


10,000/3 
a+ JOO^^ 


the gas thermometer, 



1007 ’ 


an equation first used by Prof Callendai With the values of 
a and /3 given on p 316, the difference of the two teinperatuie 
scales becomes finally 


t- tp=l 51 


t / t 

Too u 00 


-1 


) 


The numerical coefficient has howevei to be ledeterinmed for 
each sample of platinum, and appears to increase m value at 
very low temperatures. 
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SECTION LXV. 

MEASUREMENT OF THE RESISTANCE 
OF ELECTROLYTES 

Apparatus required : Post Office resistance box, electrolyte 
tube, telephone, induction coil, storage cell, and microscope 

The resistance of an electrolyte cannot be measured by 
placing the vessel containing the liquid in the resistance 
bridge in the ordinary way, since the passage of the current 
produces polarisation at the electrodes, and therefore sets up an 
electiomotive force, which has the same effect on the measuiing 
instrument as a change of resistance If however an alternating 
instead of a diiect current is sent through the bridge, the 
polarisation due to the passage of the current in one direction, 
is neutiahsed by the passage the next instant of an equal 
curient in the opposite direction, and if the changes succeed 
each other with sufficient rapidity no appreciable effect on the 
measurement is pioduced The galvanometer must however 
be replaced by an instrument capable of detecting alternating 
currents, as for example an electrodynamometer or a telephone 
The latter is more generally used at present. The use of 
alternating currents necessitates care in avoiding appreciable 
self-induction and capacity in the resistances, since when they are 
present the resistance bndge does not measure ‘‘resistance” but 
“ impedance,” which depends on the self-induction, the capacity 
and the number of alternations per second as well as on the 
resistance It is owing to the impedance depending on the rate 
of alternation that it is almost impossible to secure a perfect 
balance unless the alternating cui rents used follow the law of 


bines. 
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Important conclusions have been drawn as to the molecular 
constitution of solutions from their electric conductivities when 
an equal number 17 of “gram-equivalents are dissolved per c.c. 
of solution m each case By gram-equivalent is meant the 
molecular weight of the dissolved salt divided by its valency 
It 18 thus equal to the molecular weight m the case of com- 
pounds like NaCl, HCl, AgNOs, and to half the molecular 
weight for compounds like ZnS04, H2SO4, BaClg. A solution 
which contains one gram-equivalent of a salt per litre of solution, 

for which 77= 001, is called abnormal solution.” The “equi- 
valent conductivity” K of an electrolyte is the conductivity 
divided by the number 77 of gram-equivalents dissolved in one 
cubic centimetre 

If it IS required to measuie the absolute value of the con- 
ductivity of an electrolyte, the electrolyte must be inclosed in 
a tube of known length (1) and cross-section (a) If R is the 
resistance of such a tube Rafl will be the resistivity, and l/aR 
the conductivity. If the tube is conical, Oi and being the 
cross-sections at the ends, it will have a resistance equal to 
that of a uniform tube having a cross-section equal to ^/ 

If each cross-section is circular, its area is calculated in the 
usual way from the diameter, but if it is elliptical in shape, the 
two principal diameters di, dg must be measured, and the area 
is then equal to i^rdid^ If d^ represent the principal 
diameters at the other end, the cross-section of the equivalent 
umform tube will therefore be ^Trydid^d^di In geneial the 
four diameters will be nearly equal, and if they do not differ by 
more than 2 or 3 per cent, it will be sufficient to substitute arith- 
metical for geometrical means, so that if d = -f rfj -f- rf, -h d^) 
the area to be used in the reduction of the experiment will 
be ^Trd*. 

Wash out the narrow glass tube and wider end tubes 
provided, and fill them with a solution of sodium chloride of 
four times normal strength, %»e containing 4 giam-eqiuvalents, 
%,e. 4 (23 -f 35 5) = 234 grams, per litre of the solution, place the 
platinum electrodes in the end tubes and connect to the bridge 
as shewn in Fig. 113, taking out the 1000 ohm plugs from each 
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arm of the box before conpecting up. Place the bulb of a ther- 
mometer m one of the end tubes, taking care that it does not 


T 



Fig IIB 

come between the platinum electrode and the end of the narrow 
tube To the points C, D of the bridge to which the battery is 
usually connected, connect the terminals of the secondary of a 
small induction coil /, the primal y of which is excited by a cell 
E of sufficient power to work the coil. Connect a telephone T 
to the terminals Aj B 

Determine the resistance in the adjustable arm of the budge 
to produce a minimum sound in the telephone 

Take about 50 c c of the solution and dilute to double the 
volume, % e, make a solution of twice normal strength, and after 
washing out and drying the tube, fill it with the new solution 
and determine the resistance Dilute down to normal, then to 
half, and quarter normal strength, determining the resistance 
and observing the temperature in each case 

Remove the end tubes of the electrolyte cell, and measure 
the internal diameter of each end of the centre tube under the 
microscope If the tube is not quite circular measure the least 
and greatest diameters of each end. Measure the length I of 
the tube, and calculate the conductivity of each solution. 


B P. 


21 
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Arrange your observations and results as follows 


12 December, 1898. 

Electrolyte tube A. Resistance box 0 Microscope A. 
75 4 eyepiece divisions = 1 cm of stage scale 
' 1 „ „ = 0133 cm 

Diameters = 23 6, 23 2 , 23*4, 23 4 eyepiece divisions. 
Mean Diametei = 23 4 eyepiece divisions, 

= *311 eras 
3 14 

Area of section = . ( 311)* = 07 59 sq erns. 


Length of tube /= 12 9 ems 

•••- = 1700 and 
a 


_ 1700 

R • 


Sodium chloride solutions at 18“ 0 


Strength 

V 

Resistance 

ohms 

Resistivity 

Conductivity 

k 

Equivalent 

Conductivity 

K 

4 normal 

004 

840 

4 94 

202 

50 5 

2 „ 

002 

1290 

7 59 

132 

66 

normal 

001 

2235 

13 1 

076 

76 

^ normal 

0005 

4230 

24 9 

040 

80 

1 » 

00025 

8060 

47 4 

021 

84 


Draw a curve shewing the relation between the conductivity 
k and 7) and between the equivalent conductivity K and 

By placing the tube in a water-bath, the influence of tem- 
perature on the conductivity of each electrolyte may be found, 
and expressed by a curve witli temperatuies as abscissae and 
conductivities as oidinatea. 




SECTION LXVL 

CONSTRUCTION OF A STANDARD CELL 

Apparatus required : H tube and stands clean mercury, 
mercurous sulphate, piue cadmium, cadmium sulphate, reagents, 
paraffin and coiks 

In one form of the Weston standard cell the active materials 
are enclosed in a H-shaped tube (Fig 119), through the lowest 



Fig 119 

points of which the platinum wires forming the terminals of 
the cell pass 

The wire on the left (Fig 119) ends within the tube in a 
small quantity of pure mercury, and that on the right in 
cadmium amalgam. The mercury is covered with a paste of 
mercurous sulphate, and this again with a few crystals of 
cadmium sulphate. The amalgam is also covered with crystals, 

21—2 
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and the rest of the tube filled with a saturated solution of 
pure cadmium sulphate Both tubes are closed by cemented 
corks 

In constructing a cell the following instructions, taken from 
the memorandum of the Board of Trade, should be carefully 
attended to. 

1. To secuie purity of the mercuiy it should be first 
shaken up in a bottle with dilute nitric acid (1 6), washed and 
then distilled in vacuo. 

2 To prepare the cadmium amalgam add 2 grams of 
“commercially pure** cadmium to 14 grams of the mercury, 
and heat to 100° C in an evaporating dish on a water-bath 
If the surface of the cadmium is clean it quickly becomes 
amalgamated, and the cadmium slowly dissolves in the mercury, 
which should be occasionally stined If the amalgamation does 
not occur immediately, the cadmium should be removed, treated 
with dilute sulphuric acid, washed, dried and replaced The 
amalgam should be liquid at 60° C and solid at ordinary 
temperatures 

3. To prepare the pure saturated cadmium sulphate 
solution, mix in a flask 20 grams of distilled water with an 
equal weight of crystals of “pure recrystallised** cadmium 
sulphate, ground to a powder Heat gently for a couple of hours, 
never allowing the temperature to exceed 70° C , and keep 
shaking the flask to assist solution Filter the solution while 
still warm into a crystallising dish Crystals should form as it 
cools Remove the crystals and wash them two or three times 
with distilled water to get rid of any trace of acid Test the 
washings with congo red paper, and continue till distilled water 
after contact with the crystals for 5 minutes shews no trace of 
acid. The moist crystals should then be transferied to a stock 
bottle as acid free CdS 04 8/3 HjO 

At temperatures above 70° C the salt may crystallise out 
m another form , to avoid this 70° C should be the utmost 
limit of temperature At this temperature water dissolves 
about 8 times its weight of the crystals If any crystals 
remam undissolved they aie removed by the filtiation. To 
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prepare the saturated solution of cadmium sulphate for the cell 
take about 10 giams ot the acid free crystals in an equal weight 
of distilled water Heat to 45° C m a flask and shake well, 
xibout 8 of the salt should enter into solution. 

4 Take about 10 giams of mercurous sulphate Hg 2 S 04 
purchased as pure, and wash it thoioughly with dilute sulphuiic 
acid (1 6), by agitation in a bottle with a few drops of 
mercury, drain off the acid and wash with distilled water 
seveial times till the washing water no longer shews signs of 
acidity when test(^d with congo red paper After the last 
washing, dram oS as much of the water as possible Mix the 
washed mercurous sulphate with a few drops of the acid free 
cadmium sulphate solution, and about half its weight of pure 
mercury, adding sufficient crystals of cadmium sulphate from 
the stock bottle to ensure saturation Rub these well up 
together in a moitai to foim a paste of the consistency of 
cieam This ensures the foimation of a satuiated solution of 
cadmium and meicurous sulphates in water 

The above tieatmeiit of the mercurous sulphate has for 
its object the leinoval of any mei curie sulphate, which may 
be present as an impurity. Mercuiic sulphate decomposes m 
the piesence of water into an acid and a basic sulphate. The 
lattei is a yellow substance — tuipeth mineral — practically 
insoluble m watei , its piesence, at any rate in moderate 
quantities, has no evil effect If, howevei, it is formed, the 
acid sulphate is also formed This is soluble in watei and the 
acid produced affects the electromotive force of the cell The 
object of the washings is to dissolve and remove the acid 
sulphate, and foi this purpose the washings described will in 
nearly all cases suffice If, however, a great deal of turpeth 
mineral is formed, it shews that there is a great deal of the 
acid sulphate present, and it will then be wiser to obtain a 
fresh sample of mercurous sulphate rather than to try by 
repeated washings to get rid of all the acid The free meicury 
helps in the piocess of decomposing the acid salt, forming 
mercurous sulphate and sulphuuc acid, which will be washed 
away. 
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The materials having been prepared, pure mercury and 
cadmium amalgam are respectively poured into the two vertical 
parts of the H tube till the platinum wiies are covered. The 
amalgam, which is solid at ordinary temperatures, should De 
heated till it is liquid, and the limb of the H tube intended 
to contain it heated to about the same temperature It 
should then be pouied into the H tube down a hot glass 
tube of outside diameter less than the m&ide diameter of the 
H tube, to prevent its soiling the sides of the H tube. The 
mercurous sulphate paste should then be forced down a glass 
tube on to the mercury, and the tube withdrawn, caie being 
taken not to soil the H tube. A few ciystals of cadmium 
sulphate should then be placed on the sui faces of the paste and 
amalgam, and the rest of the tube up to about 1 5 cins from 
the top filled with the concentrated cadmium sulphate solution 

A small quantity of clean parafhn wax should then be 
melted, the tube tilted a little to the left and the paraffin 
poured gently on to the surface of the solution in the left- 
hand tube, till a layer about half a centimetre thick is formed 
The tube should then be tilted to the right and the right-hand 
tube filled in the same way This process secures a layer of air 
between the liquid m each tube and the paraffin, which will 
admit of increase of volume of the liquid owing to rise of 
temperature without the tube being broken. On the top of 
the layers of paraflBn, corks about *5 cm thick should be placed, 
and the tops of the tubes then sealed with marine glue 

A label bearing the date and the name of the maker 
should be attached to the stand on which the tube is sup- 
ported. 

The cell should stand a few days and then be compared 
with a standard cell by the method described in the next 
exercise, and the result recorded on the label. 

Instead of the two limbs of the H tube being sealed with 
cement they may be drawn out in the blowpipe flame and 
hermetically sealed. 

If the cell 18 to be portable the two limbs may be slightly 
constricted about 2 cms. above their lowest points, and the 
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quantities of amalgam of mercury and mercurous sulphate so 
adjusted that the tops of the layers of crystals of cadmium 
sulphate are in the constrictions and form plugs keeping the 
^materials below them in place 

The Electromotive Force of a cadmuim cell constructed in 
this way has at C. the value = 10183— 00003 — 17®) 

very neaily. 
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Apparatus required : Two similai resistance boxes, high 
resistance, mirror galvanometer, Darnell, Leclanchd, and Standai d 
cells, and connecting wires 

When the electromotive forces of different cells are to be 
compared together, it is neceshary to cairy out the comparison 
under standard conditions, and the condition usually adopted is 
that the cell undei test shall be given no current, or only an 
extremely small one, at the time of the test The electiomotive 
force El of the cell must theiefore be balanced, the balance 
being indicated by a galvanometer in senes with the cell 
remaining undeflected The balancing electromotive force is 
best provided by the difference of potential between two 
points of a resistance through which a current is passing, 
and wires from the cell under test are bi ought thiough a 
galvanometer to these two points If Ri is the resistance 
between the points of contact, G the current through that 
resistance, and the difference of potential between the 
points, we have 

Ei^CRi 

If a second cell of electromotive force E^ is substituted, and 
balance exists when the resistance between the points of contact 
IS jKa, we have, if the cunent is the same, 

E,^GR, 

Hence 

E^ R2 

which gives the ratio of the electromotive forces. 
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Connect two similar resistance boxes A and B (Fig 120), 
each of about 10,000 onms, in senes 
with a plug key K and two Leclanch^ 
cells, taking out the plug from the 
key before making connections. Set 
up a Daniell cell, with a clean zinc 
plate in zinc sulphate, and a clean 
copper plate m copper sulphate To 
the terminals of one of the boxes, say 

connect, in series with each other, 
the Darnell cell, a galvanometer (?, a resistance R of about 
100,000 ohms, and a spring key arranging that the cell 
under test, if alone, would send a current through the box A in 
the same direction as that sent by the Leclanch^s. 

Take out plugs for 10,000 ohms from the box A, Insert 
the plug m the key Ky make connection for an instant at 
the spring key K 2 in the test cell circuit, and observe the 
direction in which the spot of light moves Take out plugs 
for 5,000 ohms from the box By plugging 5,000 ohms in A 
so that the sum of the resistances of A and B remains the 
same Make contact at the key and notice the direction 
of motion of the spot If it is the same as previously, take 
out more plugs from B and insert the same number m A, 
Continue adjusting the resistance of the two boxes, keeping 
the sura constant, till on closing the galvanometer circuit there 
18 no deflection. If the arrangement is not sufficiently sensitive 
to enable the correct resistance to be found to within 1 ohm, 
determine it as nearly as possible, then short circuit the 
100,000 ohms m the galvanometer circuit, and determine it 
more accurately Make a note of the resistance in each box. 

Insert again the 100,000 ohms in the galvanometer circuit, 
then replace the Daniell by a Leclanchd cell and balance as 
before 

Then substitute the Standard cell, reading the temperature 
of the air in its neighbourhood, or better still, placing the cell 
m a water or oil bath, the temperature of which is measured. 
Substitute again the Leclanchd and then the Daniell cell. 
Since a Standard cell made accoiding to the insti actions 
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contained in Section LXVI has a difference of potential at 
its electrodes of 1433— 001 (t— 15°) volts for a Clark cell, 
and 1019 -*00004 (^ — 20°) volts for a Cadmium cell, where 
1 18 the temperature centigrade, the electromotive force of each 
of the other cells can be found in volts 

Calculate the electromotive force of the Daniell and of the 
Leclanch^ cells in volts 

Arrange observations and results as follows — 


18 January, 1896 
Resistance Boxes A and B 


Cell 

ReBiRtance A 

llebi stance 7? 

Sum 

Daniell, No 4 
Loclanch^ No 13 
Clark, No 3, 18*^0 
Leclanch6, No 13 
Daniell, No 4 

3,248 

4,124 

4,202 

4,122 

3,24G 

6,752 

6,876 

5,798 

5,878 

6,754 

10,000 

)) 

)i 

if 

fi 


electromotive force of Clark at 18° = 1 430 volt 

3247 

/ electromotive force of Daniell = 1 43 x ==110 „ 


jp „ Leclanch^ = 1 43 x = 1 40 „ 

The effect of temperature on the Daniell and Leclanch^ 
IS masked by other iriegularities, hence their temperatures need 
not be noted, and an accuracy of one per cent in the result is 
sufficient, although the method will evidently give results 
correct to 4 figures. 

A compact form of the apparatus used in this exeicise is 
known as a “Potentiometer"’ In it the re- 
sistance A consists of 16 equal resistances in 
senes, the one at the B end being a wire 
along which the contact to the galvanometer 
slides. The contact from the cell to be tested 
18 made by a switch movmg over the 16 
contact pegs at the ends of the 14 equal 
resistances. The arrangement is shewn in a 
diagrammatic form in Fig. 1 21. The resistance 


1 



Fig 121 
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+ jB may be too small compared to that of a Leclanchd cell 
to admit of the use of such cells to provide the current, and a 
small storage cell is generally used The rough adjustment for 
a balance is made by means of the switch and the fine adjust- 
ment by means of the slider on the wire 

If the mam cuiient is supplied by two Leclanchds, the 
ongmal method may be used to measure any electromotive 
force less than about three volts, eg , that at the terminals of a 
voltmeter intended for testing storage cells. 

When however the electromotive force to be measured 
exceeds a few volts, as, eg.y when a voltmeter reading to 
100 volts is to be standardised, the arrangement requiies 
modifying slightly because the electromotive force of the 
battery supplying the current cannot be raised above about 
three volts for fear of overheating the resistances A and B 
The fall of potential between the terminals of the volt- 
meter 18 subdivided by connecting to the terminals a high 
resistance, divided into a number of parts the resistances of 
which bear known ratios to that of the whole. The difference 
of potential at the ends of one of these parts is then compared 
with that of the Clark cell by the above method The circuit 
IS arranged as shewn in Fig 122, wheie V is the voltmeter 


R 



Pig 122 


to be tested, B a variable resistance through which it is 
connected to a battery r the high resistance, the portion 
of it down which the fall of potential is measured. If e is the 
value found by experiment, the electromotive force at the ter- 

T 

minals of the voltmeter = — s. 
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SECTION LXVIIL 

THE POTENTIOMETER METHOD OF MEASURING 
CURRENTS 

Apparatus required: Standard low resistance, adjustable 
resistance, storage cells, current measuring instrument to he 
standardised, Clark cell and mirror galvanometer. 

When an electric current of A amperes is sent through a 
resistance of R ohms, it creates a difference of potential of V 
volts between the ends of the resistance, where F=AiJ, and 
sometimes it is more convenient to measure the current by 
means of the difference of potential it produces at the ends of 
a known resistance, than to measure it directly. This method 
IS known as the potentiometer method/' In order that the 
method may give accurate results, the resistance R should be 
made of a material having a small temperature coefficient, and 
should have a sufficiently large surface to prevent the tem- 
perature rising more than a few degrees 

We shall shew how the method is used to standardise a 
current meter 

Connect the current measuring instiument A, to be tested, 



to a standard low resistance R, capable of carrying the current 
which it is proposed to use without undue heating, and to an 
adjustable resistance Ri, using a number of storage cells E 
to supply the current required (Fig. 123). 
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Connect the terminals of a voltmeter which has been 
standardised (Section LXVII) to the ends of the standard 
resistance. If such an instrument is not available, or if it is 
necessary to carry out the estimation of current to a high degree 
of accuracy, connect the ends of the resistance through a mirror 
galvanometer and tapping key to the ends of one of two similar 
resistance boxes A\ B' arranged m series, and forming a circuit 
with two Leclanch6 cells. Find, as described on p 329, the 
plugs which must be taken out of the two boxes to enable 
contact at the key to be made without a deflection of the 
galvanometer resulting Now substitute for the low resistance 
R in the galvanometer ciicuit a Standard cell and again 
balance by adjusting the resistances in the two boxes, keeping 
their sum constant If a reliable “ Potentiometer ” is available, 
it may be used instead of the two resistance boxes to compare 
the electromotive foices as explained on page 330 

Observe the temperature of the Standard cell and calculate 
its electromotive force at that temperature From the two 
values of the resistances in the boxes A and B calculate the 
electromotive force E at the ends of the standard resistance. 
If the resistance of the standard is R ohms, the curient 
through the resistance and current measuring instrument is 
EjR amperes, and this should be compared with the current 
as registered by the instrument. 

Record as follows : 

16 January, 1897 

Standardisation of Ammeter No. 4, 

Standard low resistance C = *20 ohms. 

Clark cell No. 4 at 19® =1 431 volt. 


Connection 

to 

IlebiBt- 
a nee in 

A' 

Resist- 
ance in 

B' 

E M P. 

Current 

calculated 

Beading 
on Am- 
meter 

Cor- 

rection 

Clark cell 
Ammeter 

6560 
956 ! 

4551 

10155 

1 431 
•207 

1 03 

1 01 

+ 02 

>» 

1940 1 

9161 

•418 

2-09 

2 06 

+ 04 

1 

Clark cell 

&c 

6559 

4552 

1 431 
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SECTION LXIX. 

THERMO-ELECTEIC CIRCUITS. 

Apparatus required : Water baths, thermo-circuxts, four- 
vay key and mirror galvanometer 

If a circuit consists of wires of different materials, and if one 
)f the junctions of two dissimilar wires is heated, an electric 
jurrent flows through the circuit, and continues to flow so long 
us the difference of temperature between the heated junction 
ind the rest of the circuit is maintained 

This electric current is due to an electromotive force m the 
jircuit produced by the inequality of temperature of the two 
unctions, and it is found, for small differences of temperature 
between the two junctions, to be nearly proportional to the 
lifference For greater differences, if ^ is the temperature of 
ihe hot junction, that of the rest of the circuit, the electro- 
motive force e in a circuit, of two metals is given by the 
equation 

vhere A and T are constants depending on the two materials 
)f the circuit, T being a temperature known as their “ neutral 
iemperature ** 

To verify the above statements the apparatus shewn in 
Fig. 124 is provided 

It consists of two vessels containing water, in which are 
placed two test tubes containing the junction of the wires to 
>e experimented on, and thermometers for indicating their 
iempeiatures. The rest of each tube is filled with clean sand 
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or with petroleum, to improve the thermal connection of the 
junctions and thermometers with the water. 


Fig 124. 

The circuits to be tested consist of lengths of No 25 iron, 
nickel, and lead wire, to one end of each of which a length of 
copper wire is soldered, and brought to a binding screw placed 
on the board through which the test tubes pass The other 
ends are soldered to copper wire brought to a fourth screw on 
the board 

The binding screws except that connected with the lead 
wire should be joined by copper connecting wires to a four-way 
key, so that each wire may in turn be connected together with 
the lead wire to a galvanometer of about 50 ohms resistance. 
With a galvanometer of this resistance, the effect of the 
different resistances of the circuits may be neglected, and the 
deflections taken as proportional to the electromotive forces 
acting in the various circuits. 

Fill the two vessels with water at the temperature of the 
room, and connect the thermo-circuits in turn through the 
four- way key to the galvanometer. Verify that there is no 
current m any of the circuits 

Now raise the tempeiature of the vessel which has no 
binding screws over it, to about 70°C and keep it constant for 
10 minutes Then connect the galvanometer to each circuit m 
turn, and determine the deflections, noting the temperature 
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before and after each observation If the sensitiveness of the 
galvanometer can be altered adjust it so that the greatest 
deflection observed is nearly to the end of the scale Decrease 
the temperature to about 60° C by adding cold watei and 
repeat 

Continue till the hotter vessel reaches about 20° 0, then 
raise its temperature to about 70° C in steps of about 10° C., 
taking observations in the same way during the process 
Note the direction in which the current flows through the 
hot junction in each case, and enter the deflection as positive 
when the current flows from the lead to the other metal through 
the hot junction 

Kecord as follows • 


29 January, 1889 


to 

tj 

Deflections 

Lead iron 

Lead copper 

Lead nickel 

17 1 

70 0 

+ 7 2 

+ 1 85 

- 18 0 

17 1 

59 0 

55 

1 30 

-13 3 

17 1 

49 0 

45 

1 00 

- 97 


&c 


&c 

&c 

17 0 

28 5 

1 5 

35 

- 30 

17 0 

39 5 

30 

65 

- 63 

17 1 

52 0 

47 

1 20 

-10 7 



&c 

<kc 

&c 


Represent the observations for each circuit by a curve 
taking ^ — ^0 as abscissae and the deflections as ordinates 
Indicate the observations taken while the temperature was 
deci easing by a cross, those while it was increasing by a circle. 
The curves will be found to be almost straight lines, and 
from this it is evident that if we put the equation (p 334) into 
the form 

^ 

6 = ^^^1 + ^o), where Eq=AT and ^ = 

b must be small. 

The “ thermoelectric power or height ” of a metal at a given 
temperature with respect to lead, which is taken as the standard. 
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when a junction of lead and the metal is heated, to the small 
increase of temperature of the junction, and is counted positive 
if the E M F tends to produce a current from the lead to the 
metal through the heated junction. 

In the above case, if the deflection obtained say for lead- 
nickel at 59° IS subtracted from that obtained at 70° and the 
difference divided by 70° — 59°, the quotient is proportional 
to the thermoelectric power of nickel at (70 -f 59)/2 = 64 5° C 
on the scale used To i educe the lesults to an absolute scale, 
in micro-volts per degiee, make use of the fact that the thermo- 
electric power of iron with respect to lead at about 100° C is 
1 micro- volt per degree 

Deteimine from the observations the thermoelectiic poweis 
of the metals used, and draw a “ theimoelectiic diagram,’' 
taking temperatures as abscissae and theimoelectric powers as 
oidinates 

Aiiange as follows 

Lead NtekeJ 


h 

Dilference 

Mean 

Deflection 

ems 

Dilfercncr 

ems 

Ratio ot 
differences 

Thermo 
electric power 

17° 1 
28 5 
39 5 

ir 4 

ir 8 

0 

- 30 

- 63 

- 30 

- 265 

- 15 6 

11 0 

34 0 

- 33 

- 300 

- 17 5 

(kc 



&c 



&c 

59 0 
70 3 

11 0 

1 

o 

Cl 

-13 3 
- 180 

1 

- 47 

1 

- 423 

-25 0 


Similarly for the other metals 

If more accurate results aie required, a low lesistance 
galvanometer must be used, and the resistance of each circuit 
be made equal, or the total resistance of the galvanometer and 
each circuit be taken into account in cumpaiing the electio- 
motive forces of the circuits 

If the electromotive forces of the junctions are required m 
absolute measure balance them against the fall of potential 
down a small resistance of say I ohm in series with a large 
resistance of the ordei 10,000 ohms, and a Daniell ceil of E M F. 
1 07 volt, 
s. P. 


22 
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SECTION LXX. 

MEASUREMENT OF THE MECHANICAL EQUIVALENT 
OF HEAT BY THE ELECTRICAL METHOD 

Apparatus required: Covered calorimeter , thermometers, 
heating coil, standardised ammeter and voltmeter, storage cells, 
watch 

When the whole of the woik done on a body is converted 
into heat, the amount of work done bears a fixed ratio to the 
amount of heat produced, in whatevei way the work is performed, 
and the work which has to be done to generate one gram-degree 
of heat is, we have seen (p. 142), known as the “ mechanical 
equivalent of heat To determine this quantity, any convenient 
method of generating heat by performing work on the body may 
be adopted, and it is proposed in this section to do work by 
sending a current of electricity through an insulated wire 
immersed in water. 

If A IS the current passing through the wire, and E the 
electromotive force at the ends of the wire, the rate at which 
work IS done on the wire per second is EA watts, and if 
the current flows for t seconds, the total work ionQ=^EAt 
joules = AM ^ ergs. If the water rises in temperature 
6 degrees, and the water equivalent of the calorimeter thermo- 
meter and coil = w, the heat generated, supposing no heat is 
lost by radiation etc = wd. If J joules are necessary to 
generate one gram-degree of heat, we have 

EAt = w6J, 

from which J can be found 

AVeigh the calorimeter and stirrer provided. Nearly fill the 
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calorimeter with water and weigh again Weigh also the 
platinoid resistance coil, and support it from the wooden lid 
of the calorimeter, taking care that it does not touch the sides 
x-’lace a thermometer graduated in tenths of degrees in the 
water Oonnect the coil through a standardised ammeter and 
an adjustable resistance to sufficient storage cells to furnish the 
current required. Connect a standardised voltmeter of known 
lesistance to the ends of the heating coil. The resistance of 
the voltmeter is required in order that the current thiough 
it may be calculated and suotracted from that indicated by 
the ammeter Make circuit and see that the instruments give 
proper indications and that the thermometer shews a gradual 
rise of temperatuie Break the circuit, stir the water well, and 
after a few mmutes take observations of temperature every half 
minute as described on p 129 At the end of the first period put 
on the current, read the thermometei every half minute, observ- 
ing the voltmeter 15 seconds befoie each minute and the 
ammeter 15 seconds after each minute This second period 
should continue till the temperature of the calorimeter has 
risen about three degrees, then at the end of one of the 
intervals, the current should be switched off and observation 
of temperature continued till the late of change is steady 
From the first and third periods the cooling corrections during 
the second and third periods should be calculated as in 
pp 129 — 130, and from the initial and final corrected tem- 
peratures the rise of temperature determined. 

J IS calculated by substituting in the above equation for E 
the mean electromotive force, and for A the mean current, if 
both quantities show only small variations during the ex- 
periment. If they are not sufficiently constant, the product of 
EA must be calculated for each interval of time and the mean 
product substituted in the equation 
Record as follows • 

10 December, 1897. 

Weight of calorimeter ... = 55 0 grams 

„ ,, and water ... =245 2 „ 

„ water .. ... = 190 2 „ 

„ platinoid coil ... = 28 „ 

22—2 
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Water equivalent of calorimeter and 
coil 

Total water equivalent 

Rise of temperature 
Heat generated ... 

Mean electromotive force ^ 

Resistance of voltmeter 
Mean current through ammeter 


== 7 ’8 grams 

- 198 

- 3-ir C 

= 616 gram -degrees 

= 1 45 volts 

= 14 ohms 
= 11*10 amperes 


voltmeter = 
coil .. 


145 

14 


- 10 


... = 1100 

Time ... ... . .. .. =161 seconds 

Work done = 145 x11x161 . = 2.575 joules 

. Equivalent = = 4 18 joules per gram-degree 

= 41 8 X 10^ ergs per gram-degree 


This value happens to be almost exactly right, but errors of 
one per cent are likely to occur, unless the voltmeter ruid 
ammeter have been carefully standardised 


* The resistance of the heating coil is made so that the difference 

of potential between its ends may be small enough to prevent electrolysis of 
the water The electrolysis difficulty may be obviated by using a non-con- 
ducting oil whose specific heat is known in place of water, or by winding the 
heating coil on the outside of but insulated from the calorimeter 
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INDUCTION OF ELECTRIC CURRENTS 


Apparatus required : 'Two solenoids of known resistance^ 
one sliding within the other, tangent galvanometer or ammeter 
reading 1 am pei e, reversing switch, mirror galvanometer of low 
known resistance, resistance coils 


When a cm lent is made, broken, or altered m strength m 
any circuit, induced currents are produced m neighbouring 
circuits, and it is the object of this exercise to find on what 
conditions the magnitudes of these induced cuiients depend 
The induced currents will last only a very short time, and 
a galvanometer in one of these neighbouring circuits will not 
measure the strength of the current, but the total quantity of 
electricity which has passed through it If a is the angle of 
the first swing of the galvanometer needle produced, it is shewn 
(p 348) that the quantity of electricity which has passed through 


the coil of the galvanometer is proportional to sin 


a 

2 


If the 


galvanometer needle hangs in its proper position when no 
current passes thiough the instrument, and the scale is properly 
adjusted. 


sm 


a_ X 

2""4d 



where x is the observed deflection and d the distance of the 
scale from the mirror (page 160) If an error not exceeding 
half per cent is allowable, and the deflections never exceed 
26 cms. on a scale placed a metre from the mirror, the second 
term on the right-hand side is negligible , and we may therefore 
take the obseived reading x to be proportional to the quantity 
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of electricity which has passed through the galvanometer. The 
experiments of the present exercise are supposed to be made 
under these conditions 

Two solenoids, P, S (Fig 126), mounted on blocks of wood 
80 that their axes are coincident, are provided. The inner coil 



Fig 125 


P can be moved in a direction parallel to the axis, and placed 
with its centre at any convenient distance from the centre of 
the outer fixed solenoid S Each solenoid is divided into three 
parts, and the number of turns to each part should be counted 
and recorded 

Arrange the turns of the inner coil in series with each othei 
and with a cell, a reveising switch, an adjustable resistance, and 
a tangent galvanometer or ammetei Place it within the outer 
coil so that the centres of the coils coincide, the mark on its 
base will then read 0 on the scale of the outer coil Connect, 
by means of copper wire (about no 18), the end terminals of the 
outer coil through a resistance box to a low resistance mirror 
galvanometer At first cut the mirror galvanometer out of 
circuit by connecting the two wires leading to it to the same 
terminal, and observe whether making or breaking the battery 
circuit has any eflect on the galvanometer\ If so remove the 
coils furtlier away and place their axis in such a direction that 
this is no longer the case, wherever the inner coil is placed on 
its slide 

Adjust the resistance in series with the inner coil till the 
curient flowing through it is one ampere, and take readings 
occasionally to see that it remains steady Notice that making 

1 This IS generally unnecessary if the galvanometer is a moving coil instru- 
ment. 
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or breaking the battery circuit produces a deflection of the mirror 
galvanometer needle Observe the extent of the first swing and 
verify that the swing on making is equal and opposite to that 
on breaking the primary, the battery circuit, and that the 
swing on reversing the primary current is double the previous 
swings If this IS found not to be the case, cut the galva- 
nometer out of ciicuit as before and make sure that there 
IS no diiect action from the primary coil. 

Effect of the relative positions of the two coils Arrange 
the resistances so that on making or breaking one ampeie in 
the primary, the deflection is about half the greatest observable 
deflection Determine its amount, then slide the inner coil 
thiough 1 cm. in a direction paiallel to the axis of the coils, 
and again determine the deflection Repeat for 2, 5, 10, 15 
and 20 ems, thus giadually sliding the inner coil out of the 
outer one 

Place the inner coil on the table, move the outer coil to a 
distance of about 50 ems , and place it with its centre on the 
axis of the inner coil produced Find the direction in which its 
axis must point in order that there is no deflection on making 
or breaking the prirnaiy circuit 

Move the inner coil towaids the outer, keeping it paiallel 
to itself, and verify that it may be adjusted so that there is no 
deflection even when the coils aie near together 

Verify this for positions in which the centre of the outer coil 
is not on the axis of the inner coil 

Effect of the resistance of the secondary circuit Replace both 
coils with the inner coil in the position in which the induced 
current was found to be a maximum, and determine the swing 
on making or breaking the piimary circuit 

Double the total lesistance in the mirror galvanometer (or 
secondary) circuit by taking out plugs from the box equal to 
the sum of the resistances of the galvanometer, coil and con- 
necting wires, and verify that the swing is now half what it 
was before. 

Effect of the magnitude of the current in the primary 
Increase the resistance in the battery ciicuit till the curient 
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has half its original value, and verify that the swing on 
making or breakiug, is half what it pieviously was 

Effect of number of turns %n the primary Adjust the resist- 
ance till the primary current is again one ampere Change the 
connections of the primary so that the current passes through 
two coils only The connections aie ai ranged so that the 
resistance in circuit, and theiefore the current, remains the 
same, but if any variation is observed, adjust the resistance 
in series with the storage cell till the cuirent is again one 
ampeie, and observe the swing on making or breaking Notice 
that it IS decreased m the ratio 3 2. Now connect the cell to 
the two centre screws so as to send the current through the 
central coil only Notice whethci the current remains the 
same , if so the deflections will be found to be ag.un decreased 
in the ratio 2 1 

Effect of number of tu7 ns in the secondai y Returning to 
the whole of the turns on the primarj^ change the connection 
of the galvanometer from 3 to 2 coils of the secondary The 
terminals of the coils are so aiianged that the resistance in 
circuit remains the same Verify that on now making or 
breaking the primary ciicuit, the swing is dccioased in the 
ratio 3 2 Make connections to the centre coil only, the ar- 
rangement again secures that the lesistance remains constant. 
The deflection will be found to be decreased in the ratio 2 1. 

It has therefore been shewn that for a given position of 
the coils with respect to each other, the induced cuirent in 
the secondary is pioportional to the current in the piimary, 
to the number of turns of the primary, to the number of turns 
of the secondary, and inversely propoitional to the lesistauce 
of the secondary circuit 

Effect of moving magnets Instructive experiments may be 
made, when two observers are available, by moving magnets 
in the neighbourhood of the secondary coil For this purpose 
the outer coil should be lemoved to a distance such that the bar 
magnet to be used in the experiments has no direct effect on 
the galvanometer. 

Place the magnet in the centre of the coil, let one observer 
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remove it quickly to a distance from the coil, and let the other 
observer note the deflection produced 

Replace the magnet in its original position and withdraw 
it again, but pulling it out towards the other side This should 
produce an equal deflection and in the same direction. 

Place the magnet outside the coil and in such a position 
that its axis coincides with that of the coil , note the deflection 
when it is suddenly moved to a distance, and shew that it is 
the same as if the magnet were turned through a right angle 
about an axis through its centre peipendicular to its own axis 
Verify that when a magnet is moved quickly fiom a position 
^ to a position B the effect on the galvanometer is the same 
through whatever path the magnet is moved Also try to 
shew that when the magnet can be moved from a position A 
along any path hack to the same position A in a time which is 
short corn pal ed to the time of oscillation of the galvanometei 
needle, the total effect on the latter is nil. 



346 


SECTION LXXIL 

DETERMINATION OF THE INDUCTANCE OF A COIL 

Apparatus required : Coil of considerable inductance, 
Post Office resistance hoco, additional lesistance, miiror galvano- 
meter, voltaic cell of constant electi omotive force 

If one of the arms of a resistance bridge balanced for steady 
currents possesses inductance, the galvanometer will shew a 
temporal y deflection when the cuiient through the bridge 
is altered in any way 

If L 18 the inductance of the arm and x the rate of change 
of the current through it at any instant, the effect is equal to 
that which would be pioduced if an opposing electromotive 
force Lx were introduced into the ai m Such an electromotive 
force would cause a current KLx to flow thiough the galvano- 
meter, where the value of K depends on the resistances of the 
galvanometer, and of the arms of the bridge. If the current is 
rapidly changed from 0 to x, the electromotive force at each 
instant depends on the rate of change, but the total quantity of 
electricity which flows through the galvanometer will be KLx, 
which IS the same as that conveyed by a constant current KLx, 
flowing during a short time r, such that xr = x. 

This quantity of electricity passing through the galvano- 
meter coils, will cause a deflection or “ throw ’’ of the galvano- 
meter needle, the extent of which may be calculated. 

If the moment of inertia of the suspended system of the 
galvanometer be /, and co denote the initial angular velocity 
imparted to the system, is the initial kinetic energy The 
diminution of kinetic energy during the swing must be equal to 
the work done against the forces tendmg to bring the system 
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back into its position of equilibrium These forces, when the 
deflection of the system is constitute a couple whose moment 
IS MH sin 6 + Ndy where M is the magnetic moment of the 
suspended system, H the field m which it moves, and N the 
torsional constant of the suspension 

The work done against this couple during an angular 

a® 

displacement a is therefore equal to — cosa) + iV^ 

and if the angular velocity m the displaced position is zero 
and damping is neglected we have 

1(0^ = 2MH (1 — cos cl) -f Not? 


— 4iMH sin^ - + Na^ 

Ji 


Hence 


/4^MH a N ^ 

V “T" 2 I ^ 


In the suspended needle type of instrument the torsional 
constant of the suspension is made as small as possible If we 
assume N=0, we have 



In the suspended coil type Jf = 0 and we have 



If the galvanometer is of the suspended needle type, since 
the field produced at the centre of the coil when unit current 
flows round it is 0 (see p 245), the moment of the couple 
acting on the suspended system of the galvanometer in its 
position of equilibrium is equal to MOO when the current 
0 passes This will cause an angular acceleration MOGjT. 
If the duration of the current be r, supposed to be so small 
compared to the time of oscillation T of the system that the 
system does not move appreciably during it, the angular 
velocity generated will be MGCrjl, and we may replace Or by 
the total quantity of electricity Q which Las passed through the 
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galvanometer coils Substituting this angular velocity 
in the former equation we find 

MGQ^^sTMHI sin| 


The moment of ineitia/ may be eliminated, by observing 
r, since 


Hence 


^ B T 
Q = - sin 

tr TT 


a 

2 


The value of H/0 can be determined experimentally by 
observing the permanent deflection 6 of the galvanometei, 
produced by a known current (7, for in that case (p 245) 

GC = iTtan 


provided that the galvanometer needle moves in a field which 
lb sufficiently uniform for the tangent law to be true (see 
page 246) Otherwise tan must be replaced by some function 
of obtained by calibrating the instrument 

If the simpler supposition is sufficiently accurate, 

jy Osin ~ 

^ TT tan 0 


If the galvanometer be of the suspended coil type, the 
m )ment of the couple which acts on the coil in its undeflected 
position when a current G flows round it is AII'G, where A is 
the equivalent area of the coil, and H' the mean field along the 
vertical sides of the coil Hence it « is the angular velocity 
generated from rest by the passage of a quantity of electricity 
Q through the coil, we have 

Iw^AH'Q, 


or 


(O 


Awq 

I * 


AH'q^^N 1 <L 


Hence 
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But 


2’=2'7r 





N 

AH' 


T 


OL, 


If a steady current G passing through the instinment 
causes a deflection 6, and the lines of the magnetic held in 
which the rotation takes place are symmetrical with respect to 
the axis of lotation of the coil, the electromagnetic couple 
acting on the coil when it is m its deflected position is equal to 
AH'G The torbional couple is NO 
Hence AUV = Ne, 


and 


Q = 


27r 0 


We have deduced the value of a under the condition that 
the needle or coil moves without damping, which is never quite 
the case But the damping may be taken into account by multi- 
plying the observed amplitude by since the amplitude of 
an oscillating system is reduced in the time t in the ratio of 
^ l,p 288 and the time taken up by the needle or coil m 
moving fiom its position of rest to its fiist greatest elongation 
is r/4* 

The final equations for Q are theiefore 

To apply these equations to the determination of the inductance 
of a coil we substitute for Q the value KLx, which has been 
shewn to be equal to the quantity of electiicity flowing through 
the galvanometer, when the curient in the branch of the lesis- 
tance bridge containing the inductance L is suddenly changed 
from 0 to cc. Thus 




1 

Kx 


TT tan 6 


X- 


-L 1 

Kx TT 



6 


* The logarithmic decrement of a moving needle galvanometer changes very 
little with the resistance of the circuit, but that of a moving coil instrument 
changes considerably and must be determined for the conditions under which li 
IS used m the experiment 
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The quantities K and G are eliminated in the following way 
If the balance of the bridge be disturbed by inserting a small 
resistance r in series with the coil, this additional resistance 
will, while a current of is passing through it, have the same 
effect on the galvanometer as an opposing electromotive force 
rr' If this electromotive force produces the current G m the 
galvanometer, then (7= Krx' (p 346) Hence 


£z=r-- or i/ — 7 


X TT 


tan 0 


/ 

.T 


X 



a 

2 




In most cases the calculation may be further simplified, 
vSince x'fx is the ratio of the curients in the coil with and 
without the additional resistance r, which should always be so 
small that x' is sensibly equal to x 

If a and 6 are sufficiently small these angles may be taken 
to be proportional to the observed deflections and otherwise 

sm ~ and tan 6 must be evaluated according to the equations 
given on p 160 But it follows fiom these equations that the 
ratio sm a/2 j tan 6 is equal to dil2D to the second approxi- 
mation if 



and that ^ ^ D — di 

Either may be secured by a proper choice of r 

The coefficient ^ may be expiessed in the form of a senes, 
the first three terms of which are 


The third term is often negligible, e g when an accuracy of 1 ®/o 
IS considered sufficient and \ is smaller than 3, or when an 
accuracy of T ®/o is lequired and X is smaller than 09. 

The determination of X is best carried out by a separate 
series of observations, but when that quantity is small, and 
when the experiment is made rather as an exeicise than for 
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the purpose of obtaining the best possible results, time may 
be saved by observing not only the first throw (dj), on making 
or breaking circuit, but also the second deflection (d^) on the 
same side. The equations on p. 287 give for this case dild^-e^^ 


and he Tce e^^ may be replaced by . 
nearly equal we may simplify further, for 


When di and d^ are 





T ^ 1 — (^2 , 5 fd^ — (^2^* ^ 


If the third term of the series can be neglected, we obtain 

d,e^i^^d, + i(d,-d,) 

If an accuiacy of one per cent is requited, this simplification 
should not be introduced unless dj/rfg smaller than 1 2 which 
corresponds approximately to X smaller than 1 

Taking account of these simplifications we shall be able to 
use one of the following three equations whenever X is smaller 
than 2, i e d^Jdo smaller than 1 5, and Djd^ is approximately 
equal to 1 17, oi to 10 



MV 

2irD \dj ' 


Tr dx-\- \ {di — d^ 
“ l~Tr D 


The first equation is the one to apply when accuracy is of 
greatei impoitance than time, so that an independent detei- 
mi nation of X may be made The second is used when X is 
not separately determined, but when the second deflection is 
observed , while the third applies to the same case with the 
additional proviso, that dj/da is smaller than 1 2. 

Care should be taken to have the zero reading of the gal- 
vanometei near the centre of the scale and to take deflections 
towards both sides, and thus eliminate any errois due to faulty 
adjustment of the scale. 
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If X IS to be determined by experiment, we make use of the 
equation (p 288) 

log - log = (n ~ 1) X log e, 

8i and Sn being the first and the nth arc of swing. It is found 
that an error of reading has the smallest effect when 


Si/Sn -—6 — 2 7 


This suggests the following procedure Set the galvano- 
meter needle into vibration, and read the first deflection di on 
the right and the first deflection di on the left Then wait 


until the deflection has diminished to about ^ and read again 


deflections dn and dn Assuming as a first and generally suffi- 
cient approximation, di -f- di and dn -f dn'y to be proportional to 
the arcs of swing, we may, knowing n, apply the above equation 
to the calculation of X The result may be rendeied more 
accurate by obseiving and combining in a similar rnannei $2 
and 8n+i, Ss and Sn +2 etc If the oscillations are too rapid to 
allow the deflections toward both sides to be accurately ob- 
served, we must divide the experiment into two partb, observing 
fiist deflections to the right and applying the equation 


log di — log dn == 2 (n — 1) \ log e 


to deduce the value of X. Obseiving similarly the deflections to 
left we obtain a second value for X, the mean of the two being 
taken tor the final result. When X is so small that it would 
take too long to wait till the amplitudes are reduced in the 
above ratio, we may proceed as in the measurement of time 
intervals, observing say six deflections, waiting until six oscilla- 
tions have passed unobserved, and observing six furthei ones, 
which are combined with the six first in the mannei already 
explamecT 

The piincipal experimental difficulty in the above determina- 
tion of the inductance of a coil will be found to be due to the 
gradual heating of the coil by the cuirent, which must be suffi- 
ciently strong to give a measurable throw on making or breaking 
the circuit Subject to this condition, the current through the 
coil should be as weak as possible It is important therefore 
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that the arms of the budge should be arranged so that the 
galvanometer is most sensitive to variation^ of resistance in 
one arm of the bridge, for a given current in that arm This 
condition leads to results which are quite different from those 
which apply when the electromotive force is given (p 291) 
The best airangement of the bridge, when S is the resistance 
whose inductance is to be determined, is that in which the 
resistance we have denoted by Q in the previous exercises is 
as small as possible, and that denoted b} R as large as possible^ 
One of the galvanoraetei terminals should be connected to 
the junction of P and Q, the other to the junction of R and S 
The best lesistance of the galvanometer of a given type is 

n 

P + Q 

or when P is large compared to Q, G — S-hQ, S being the 
resistance of the coil The sensitiveness of the ariangement 
for given values of P, Q and (?, as compared to the best possible 
arrangement, is given by the fraction 



where k is the ratio of the actual to the best possible galvano- 
meter resistance A discussion of this equation shews that the 
sensibility is not much reduced, if k is intermediate between 4 
and ^ , also that it will be sufficient to make the ratio P/Q =10 
But care should be taken that Q never exceeds 8 and it would 
be better if 8 were at least three times as great as Q 

The change of resistance r may be obtained by connecting 
a high resistance W in parallel with the coil, when the steady 
deflection 6 is taken r is then equal to 8*1(8 -4- W) The 
shunt must be disconnected when the throw is taken We may 
vary the resistance of R instead of 8, remembering that a 
change r in the resistance of 8 is equivalent to a change Pr/Q 
in the resistance R If / is the change in R which produces a 
steady deflection 0, we must therefore substitute for r the 

^ Arthur Schuster, ‘‘Electrical Notes,” Fhil Mag p 176 (1894) 


b P 


23 
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quantity /Q/P This is in general the more convenient way 
of disturbing the balance of the bridge, as it is often necessary 
m order to get a perfect balance to adjust R to less than an 
ohm by placing a resistance in parallel with a portion of it 
This auxiliary resistance then serves to make the required 
change of H 

To cairy out the experiment, arrange the given coil S to 
form the fourth arm of the Post OfBco bridge , Q being the 
ratio arm adjoining S, Make Q = 10 and P = 1000 Connect 
the galvanometei through a commutator to the junction be- 
tween P and Q, and to that between R and S Introduce also 
a commutator into the battery circuit, so that the current may 
easily be reversed It is important that the battery should be 
one giving a constant electiornotive force, eg a Daniell or 
storage cell Leclanch6 cells are too variable Adjust the zero 
of the galvanometer to the centre of the scale 

Leave the galvanometer circuit open, pass the current 
through the coil and notice whether the galvanometer shews 
a deflection If it does, the coil acts directly on the needle 
and its position should be changed so that the action ceases 
This IS most easily secured by placing the coil with its plane 
nearly horizontal and tilting it till the magnetic field due to it 
is vertical at the galvanometer. Now close the galvanometei 
circuit and balance for steady currents. 

When the balance is approximately made, break the battery 
circuit and take an observation of the throw, which should be 
between 10 and 20 ems as measured on the scale If the 
throw 18 too large, the electromotive force of the battery should 
be diminished or a resistance inserted in the battery branch. 
If it IS too small, the galvanometer should be made more 
sensitive, and if that is not possible the electromotive force of 
the battery must be increased. Having obtained an approximate 
value of the throw, the change of resistance r' in the arm P, 
which gives a steady deflection of between 1 1 and 1 2 times 
that of the throw, should be found 

If the galvanometer has a small logarithmic decrement and 
takes a long time to come to rest a small coil in series with an 
auxiliary battery and key may be fixed behind it, and con- 
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nectiori may be made and bioken m such a way as to bring the 
suspended system to lest 

The above preliminary experiments having been concluded, 
jote the position of rest of the galvanometer needle. Obtain 
as accurate a balance of the bridge as possible, if necessary using 
an auxiliary resistance as a shunt in a portion of jR If there is 
a slow creeping of the spot of light while the steady current 
passes through the coil, it is probably due to the heating action 
of the current, which slowly increases its resistance If that is 
the case, adjust the balance so that the spot of light is deflected 
a little to the side opposite to that towards which the creeping 
takes place Wait till owing to the heating action the spot of 
light occupies accurately the zero position, then suddenly break 
the battery circuit and observe the throw, reading both the first 
deflection (dj) and that which follows it on the same side {d^) 
Make the battery circuit again, change the resistance R by 
the addition of / and observe the steady deflection Break 
the galvanometer and battery cii cults and read the zero. 

Reverse the commutator m the battery circuit and repeat 
the observations, both for the throw and the steady deflection 

Reverse the galvanometer circuit and again repeat the 
observations, first with the battery commutator in one and 
then in the other position 

Four sets of readings are thus obtained the means of which 
must be combined in the final result 

Determine the time of oscillation of the galvanometer needle 
by observing the time of say 50 swings if the time be short and 
the logarithmic decrement small, or if the time be long, observe 
the instant of passage through zero for say six swings, allowing 
an interval of six, then observe six moie and combine in the 
usual way 

If it 18 desired to determine the logarithmic decrement this 
should now be done by one of the methods explained above, 
care being taken that the sensitiveness of the galvanometer is 
the same as that used during the experiment. The logarithmic 
decrement for the same galvanometer u proportional to its time 
of oscillation 

23—2 
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P = 1000 


Tabulate your results as follows 

2 January, 1898 

Inductance of coil A. Galvanometer No 327 
P = 1000 Q = 10 2 Darnell Cells 

Balance obtained with P = 2194 
On breaking circuit 

First swing to right (mean of four observations) = 1 1 04 cms 
Second „ „ „ „ „ = 7 56 „ 

Changed P to 2255 , / = ()!, r = 61 

Steady Deflection (mean of four obsei vations) =1211 „ 
Time of oscillation = 3 44 secs. 


Time of oscillation 


61 


3 44 1104 

27r 1211 


1104y 
7 56 7 


== 335 henriea 
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SECTION LXXIII 

LEAKAGE AND ABSORPTION IN CONDENSERS. 

Apparatus required : Condensers^ one of which is specially 
selected to shew leakage and absorption, high resistance galva- 
nometer, discharge key, cells. 

Unless the plates and terminals of a condenser are well 
insulated, the condenser is found gradually to lose its charge 
The rate at which this loss takes place is generally greater the 
greater the charge which the condenser possesses 

To deteimine the extent to which leakage takes place in 
a condenser C (Fig 127), connect it 
through a ‘‘ condenser key ” K to one or 
two Leclanch6 cells L and a galvano- 
meter 0, as shewn in the figure 

When the movable part of the key 
IS down, the condenser is m connection 


- 11 ^ 


K 


TIL 
Fig 127 

With the cells and is charging, when the disc marked “ insulate ” 
on the key is pressed, the moving arm of the key takes up the 
position shewn in fig 127, and terminals of the condenser are 
insulated from each other, when the disc marked “discharge** 
IS pressed, the arm moves up to the upper contact m the figure, 
the terminals are connected togethei thiough the galvanometer, 
and the condenser discharges itself. 

If the capacity of the condenser is C, the charge Q which an 
electromotive force E imparts to it is equal to EC 

Owing to the passage of the discharge through the galva- 
nometer, the needle is deflected, and the extent of the first 
swing a from the position of rest is proportional, within the 
degree of accuracy lequired for the present purpose, to the 
amount Q of electncity discharged through the galvanometer 
Take several observations of the swings after charging and 
discharging have been performed in the least possible time. In 
order that the condenser may be properly discharged between 
each obbeivation, allow the key to remain at the discharge 
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position for three minutes before again charging. The mean 
of these deflections may betaken to represent the charge of 
the condenser due to the applied electromotive force before 
leakage has had time to occur They ought not to be less 
than 20 large scale-divisions 

Now take several obsei vations, charging the condenser for 
an instant only as before, but 
insulating for ten seconds, then 
discharging, and allowing three 
minutes before again charging 

Repeat the observations for 
instantaneous charges followed 
by intervals of 30 seconds, 1, 2, 

3, 4, and 5 minutes’ insulation, 
and plot the results in the form 
of a curve, taking times of in- 
sulation as abscissae and deflec- 
tions as ordinates 

Take logarithms of the 
deflections, subtract consecutive logarithms from each other, 
divide by the differences m the time of insulation, and tabulate 
the lesults as follows 


Condenser A Leakage 


Time of 
insulation 

Deflection 
on dihcbarge 

Log of 
deflt'ction 

Difference 

Diff ot logs 
Dift of times 

0 sec 

30 9 

1 490 



10 „ 

23 3 

1 367 

123 

0123 

30 „ 

15 8 

1 199 

168 

0084 

1 mm 

90 

954 j 

245 

0082 

2 „ 

5 5 

740 

214 

0036 

3 „ 

36 

556 

184 

•0031 

4 „ 

29 

*470 

086 

0014 

5 II 

24 

380 

090 

0015 

1 
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Fig 128 


If the leakage at any instant were propoitional to the 
charge m the condensei at that mstant, the numbers in the 
last column would be equal Their gradual diminution shews 
that the leakage increases more rapidly than the charge 
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To order to test whether the inequality is due to absorption 
of the chaige by the dielectic of the condenser, the effect of 
variation in the time of charge should now be found The 
condense 1 should be charged each time lor 10 seconds instead 
of an instant only, and the rest of the experiment earned out as 
previously. Then the charging should be continued for 30 
seconds and afterwards for 1 and for 5 minutes 

Tables of results for each time of charge should be given 
and leakage curves drawn alongside the one drawn previously 

If absorption by the dielectric occurs, the absoibed charge 
should make its reappearance after discharge on the insulated 
conductors of the condenser To test this, if the condenser has 
no short circuiting key, arrange one m parallel with the 
condenser Charge the condenser for 10 seconds, dihcliarge for 
an instant through the short circuiting key and then insulate 
for 5 seconds On now pressing the discharge key, the galva- 
nometer will be deflected owing to the passage thiough it of 
the “ residual discharge 

Repeat the observations, allowing the condenser to leniain 
insulated 10, 20, 40, and 60 seconds before taking the lesidual 
discharge 

To find the influence of the time of charging on the 
magnitudes of the residual discharges, chaige the condenser foi 
20, 40, and 60 seconds, insulate in each case for 5, 10, 20, 40, 
60 seconds and take the first residual discharges as before 

Express the results by curves and in tabular foirn, as 
follows 

Condenser A Fust Residuals after charge for given time, 
discharge, and subsequent insulation for given time 


Time of charge 

First Residuals alter insulation for 

„ 1 

5 secs 

10 beob 

20 secs 

40 secs. 

60 secs 

6 seconds 

80 

90 

10 

11 

12 

10 „ 

10 

11 

12 

14 

17 

20 „ 

11 

13 

14 

17 

20 

40 

13 

16 

17 

20 

23 

60 „ 

14 

18 

20 

23 

26 
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To test for successive residuals, charge again for 20 seconds, 
then discharge through the short circuiting key Insulate for 
10 seconds, take the first residual, insulate for 10 seconds more 
and take the second residual, and so on till no more charge 
remains in the condenser 

If the galvanometer is not sufficiently damped to allow of 
the observations to be taken so rapidly after each other, take the 
residuals after intervals of 20 oi more seconds If the galva- 
nometer takes much longer to come to lest, after taking the 
first residual in the way desciibed, lecharge the condenser, 
discharge, take the first residual thiough the short ciicuiting 
key, and the second residual thiough the galvanometer 
Similarly for successive residuals 

Tabulate as follows and draw a curve with the magnitudes 
of the successive residuals as ordinates, and times of insulation 
since the first discharge, as abscissae 


After insulation for 

Residual 

discharges 

10 seconds 

13 8 

10 secs moie 

7 2 

10 „ „ 

64 

10 „ 

5 2 

10 „ „ 

4 1 


Take a second condenser not specially chosen to exhibit 
leakage and absorption, and test whether the leakage and 
absorption are small, as they ought to be in a good condenser 
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SECTION LXXIV. 

COMPARISON AND USE OP CONDENSERS 

Apparatus required: Condensers^ discharge hey, high 
resistance mirror galvanometer, cells 

It has been stated in the previous section that when a 
condenser is discharged through a galvanometer, the extent 
of the first swing from rest is proportional to the quantity of 
electricity discharged. If Q is this quantity, B the potential 
of the battery used to charge the condenser, and 0 the capacity 
of the condenser, then Q = GE 

The method of discharge may therefore be used either to 
compare the capacities of a number of condensers charged by 
the same battery and discharged through the galvanometer, or 
to compare the electromotive forces of a number of cells used 
to charge the same condenser 

Apply the method, using a Leclanch6 cell and a high resist- 
ance galvanometer which swings without too much damping, 
to determine the capacities of the condensers provided, assuming 
that of the standard condenser to be given m microfarads 
The condensers should be placed in circuit m turn, charged 
for an instant, then discharged, and the extent of the swing of 
the galvanometer needle observed. 

In order to see whether leakage has any effect on the 
observations, take discharges from each condenser after 10 
and 20 seconds’ insulation, as well as instantaneous discharges 
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Record as follows * 

19 January, 1897. 


Nalder Galvanometer No. 5232. Leclanch^ Cell No 12 


CondenBer 

Discharge 

Capacities 

micro- 

farads 

Remarks 

Instan- 

taneous 

after 

10 secs 

dftei 

20 secs 

Standard 

23 7 

23 8 

23 7 

33 

no leak 

Swiss 

26 4 

25 2 

25 0 

37 

small leak 

Paraffin No I 

27 2 

26 1 

25 4 

38 


„ n 


&c 


1 


„ in 




1 



Select the condenser which shews least leakage, charge it 
in turn by means of a Leclanchd, a Daniell, a storage and a 
standard cell Take two discharges thiough the galvanometer 
with each cell, and assuming the electromotive force of the 
standaid to be for a Clark 1*433, for a Cadmium 1019 volts, 
calculate those of the other cells 

Record as follows 

Swiss Condenser Nalder Galvanometer No 5232. 


CeU 

Deflections 

Mean 

E M F 

Leclanche 

34 9 

35 0 

34 95 

1 42 volts 

Daniell 

24 2 

24 1 

24 15 

•98 „ 

Storage Cell 

48 1 

47 5 

47 80 

2 00 „ 

Clark 

35 1 

35 2 

36 15 

1 434 „ 
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SECTION LXXV. 

DETERMINATION OF THE CAPACITY OF 
A CONDENSER 


Apparatus required : Condenser, high resistance galvano- 
metei , resistance coils, voltaic cell 

When Q coulombs of electricity are discharged through a 
galvanometer the needle is deflected and swings through an 
angle a which, neglecting the damping, has been proved 
(pp 348, 9) to be given by the equations 


^ H T a 

' 3-0 


„ F T cc 
2 ’ 


where ff/G is the consfcanfc of the suspended needle, and N/A IF 
that of the suspended coil galvanometer 

If the quantity Q is the charge of a condenser of capacity 
C, due to an applied electromotive force E, then Q = GE and 
there toie 

^ \ H T OL ^ \ N T CL 

C=^-Ti -PT — sin X or G = -7-, -riTf ™ ^ 

E O TT 2 E AH' TT 2 


The damping may be taken into account by introducing the factor 

on the nght-hand side The quantity ~ ^ X’ ^KW 

be determined or eliminated, by observing the steady deflection 
of the galvanometei produced by the electromotive force E 
acting through known resistances. 

Let a circuit be arianged as in Fig 130, the cell which has 
served to charge the condenser having its terminals connected 
to a resistance R, which should be large compared to that of 
the cell, so that the difference of potential at the ends of R, may 
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be taken to be equal to the electromotive force E The terminals 
of the galvanometer are connected only 
to a small portion r of jB, so that the 
diflfierence of potential at the ends of the 
galvanometer circuit is ErjR If the 
resistance of the galvanometei be p and 
the resistance p' shewn in the figure be 
not inserted, the current passing through 
the galvanometer will be Et jpR, and the permanent deflection 
will be given by the equations 



Er H ^ . N . 

O. 

• n^L ^ - L ^ 

R TT p tan 6 R tt p 6 


If the galvanometer resistance p is unknown it may be 
obtamed, or eliminated from the above expression, if a known 
resistance p is inserted in the galvanometer circuit and the 
steady deflection 6' observed We have in that case 


El 


H 


N 


{p+p')R-'G 


= ^tau(9' or 


AH' 


and combining this with the equation obtained for the case 
when p' 18 not inserted, we find 


_ p' tan 0' _ p 0' 

^ tan 0 — tan 0' 0 — 0' 

» 

The condition most favourable for the determination of p 
by this method is that m which p and p' are equal, so that the 
introduction of p approximately halves the deflection 

The remarks made on page 350 as to the best way of 

sin I ^ 

determining apply in the present case In 

the present exercise the quantity X should be independently 
detei mined 

Determine the capacity of the condenser provided, charging 
It by two Leclanchd cells and discharging it through the galva- 
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nometer. Take four observations of the first throw, two of 
which should be made with the battery reveised 

Connect the galvanometer to the two Leclancli4 cells as 
shewn in Fig ISO, adding a commutator in the battery branch 
Make R about 10,000 ohms, and r such that a deflection of 
about IT times the discharge throw is obtained when p=0 
Measure the deflection with the battery current m each direc- 
tion Insert a resistance p such that the deflection is about 
half what it was in the previous case, and again make two 
determinations of the deflection, leversing the battery current 
between the two observations 

Measure the time of swing and the logaiithmic decrement, 
following the instructions given on page 352 
Record your observations as follows 


3 October, 1900 


Standard Condenser maiked 1/3 microfarad 
Galvanometer No 5232 


1 Discharge of Condenser after being charged by two 
Leclanch^ Cells 

First deflection (mean of two deflections in 

each direction) = 16 15 cms 

2 Measurement of steady Deflection 

i?- 10000, 7-40 

(a) p' = 0 Deflection (mean of one obser- 
vation m each direction) — 18 35 „ 

(b) p'= 6170 Deflection (do ) — 9 45 „ 

Hence galvanometer resistance 


p-6170 


9 45 

18 35 -9 45 


- 6580 


A previous direct measurement of the galvanometer resist- 
ance had given p = 6570 Either value may be adopted m the 
subsequent calculation 
3 Determination of time of oscillation 
Time of 20 swings (average of 3 observations) — 74 9 seconds 
„ „ one swing = 3 745 „ 
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4 Determination of logarithmic decrement. 



Successive 

swings 


to right 

to left 

(1) 

19 58 

16 16 scale-divisions 

(2) 

12 37 

10 33 

(3) 

8 34 

6 80 

(4) 

5 41 

4 61 

Eatio of (3) (1) 


= 2 38 and 2 35 

» (4) (2) 


= 2 24 „ 2 29 

Mean Ratio 


2 315 


Mean of three determinations = 2 310 


X= 
1 + 


1 log 2 81 
4 log e 
X 

2 


1 

4 


X 


3636 

4343 


2092. 


= 1 105. 


5 Calculation of Capacity 

^ 40x3 745 X 1 105 x 16 15 

10000 X 27r X 6580 X 18 33 
= 337 X 10“® farads 
= 337 microlaiad 
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DETERMINATION OF DIP 

Apparatus required: Dtp ct7 tie instrument 

A dip circle instrument consists of a circular table supported 
on three levelling screws by means of which it can be set horizontal 
This table supports in turn a concentric circular disc to which 
18 attached a vertical circular ring and a spirit level. The disc 
and ring are graduated in degrees and sometimes in minutes of 
arc, the disc oi azimuth ciicle from 0® to 90° in each quadrant 
and the ring or dip circle from 0° to 90° in each direction from 
a horizontal diameter Within the dip circle a pointed magnetic 
needle with an axle thiough its centre perpendunlai to its 
plane can be placed, the axle being suppoitcd either on two 
hoiizont<il agate knife-edges on which it can roll, or in the case 
of marine instruments in jewels into which its conical ends 
project In the former arrangement the axle can be raised 
from the agates by means of two Y-shaped supports. To 
protect the needle from air currents the dip circle is generally 
enclosed in a box with gla«5S sides 

The position of the ends of the needle on the dip circle 
may be read either directly or by the help of microscopes 

The side of the ring on which the scale is engraved and 
that side of the needle on which a line or letter is engraved 
will be called the front in each case. 

To set up the instrument so that the surface of the base 
plate on which the veitical circle turns is horizontal, turn the 
dip circle till its plane is parallel to the line joining two of the 
levelling screws of the base which have been put down roughly 
north and south of each other Adjust one of the two screws 
till the bubble is m the middle of the level, then turn the dip 
circle front to back If the bubble has moved from the centre 
bring it half-way back by tuining one of the two levelling 
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screws. Turn the dip circle back to the original position. If 
the bubble remains in the same position on its scale when the 
dip circle is turned front to back the surface of the base plate 
on which the veitical circle turns is horizontal in a noith and 
south direction Now turn the dip circle through 90° and adjust 
the third levelling screw till the bubble remains stationary on 
its scale during the rotation It will then remain stationary 
however the dip circle is rotated, and the surface on which that 
ciicle turns is hoiizontal 

The needle should now be removed from its box with 
tweezers, the axle cleaned by being thrust into a piece of pith 
or soft cork, the agate knife-edges and the axle dusted with a 
camel-hair biush and finally the needle placed on the Y stirrups 
with its face to the face of the dip circle After the box is 
closed the stiiiups should be lowered by the screw outside, and 
the axle allowed to rest on the agates Rotate the dip circle 
on the azimuth circle till the uppei end of the needle reads 90° 
on the dip circle Read the azimuth circle Rotate the dip 
circle till the lower end of the needle reads 90° Read the 
azimuth circle. The two readings should be neaily alike 
Turn the dip circle front to back and lepeat the two settings 
Turn the needle front to back on the agates, using the tweezers 
for the purpose, and repeat the four settings The mean of the 
eight readings gives the best azimuth setting for the axle of the 
needle to be magnetic noith and south. Rotate the dip circle 
through 90° m azimuth, so that the faces of dip circle and 
needle aie to the magnetic east, the axle is then magnetic east 
and west and the needle moves in the magnetic meridian. 

As the oscillations of the needle die down read three 
consecutive turning points first foi the upper then for the lower 
end, and calculate the position of rest of each end as in the 
case of the balance (p 32) 

Turn the ciicle through 180° so that the face is west and 
repeat the observations Turn the needle front to back on its 
bearings so that the front is now to the east, and repeat the 
observations Finally bring the circle back 180° so that its 
face IS again east and repeat the readings. 
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Remove the needle, place it m the wooden frame provided, 
cover the axle and reverse its magnetism by stroking it several 
times gently with opposite poles of the two bar magnets 
provided, one being held in each hand and the stroke of each 
magnet being away from the axle. Place the needle on its 
stiirupo with its face to the face of the circle and repeat the 
whole of the observations. 

The obseivations taken may be summarised as follows 

Circle Needle | Magnetisation | I 

[webtj (west) ° jicverse) 

the first four alternatives refeinng to the faces of circle and 
needle 

Tabulate the observations as follows 

Dip Instillment A 14 Oct 1913 

Azimuth readings with ends of needle at 90° 

21° 4^ 21° O', 21° 1', 21° 3' etc. Mean 21° 2'. 

Circle rotated through 90° from mean reading 



top 

bottom 

mean 

Ce Ne Md 

67"21 

67°20 

67^^20 5 

C w N w M d 

67^18 

67°16 

17 

CwNe Md 

67^^19 

67‘"16 

17 5 

C e N w M d 

67"18 

67'^20 

19 



mean 

67nB 5 


Similarly foi M r. 

The mean of the two means is taken as the final result 


2i 


s. p. 
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Thf following details, referring chiefly to the dimensions of the 
apparatus used in the Physical Laboratory of the University of 
Manchestei , will probably prove useful to teachers 

SLCllON 

IV Spirit Level 

The ordinary 8 inch brass adjusting level ” is 
suitable If the tube is not graduated, a paper 
scale may be gummed to it 

V Calibration Tube 

A tube about 20 ems long, of 7 cm external 
and 07 cm internal diameter, may be used The 
tube and mercury should be quite dry 

V1~VIII Balance and Density 

A piece of quartz of 100-200 grams is a suitable 
body to weigh, since it can easily be kept clean, 
and therefore of constant weight As quartz is 
unacted on by water it is also 8uitabl(‘ for the 
density determinations 

XI Moment of Inertia 

The block should be suspended by means a 
thin soft wire free from kinks 

XIII Compound Pendulum 

A brass bar about a metre long, 2 ems broad 
and 5 cm thick, is suitable The steel knife- 
edges are supported on glass plates A simpler 
arrangement consists of a brass bar with a number 
of holes about 1 cm diameter bored through it, 
most of them near one end The bar is hung from 
a fixed knife-edge which projects through one of 
the holes 
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SrCTION 

XIV 

XV 

XVI 

XVII 

XVIII 

XIX 

XX 


Beams 

Stiaight-giained beams about a metie long, 

1 3 to 2 cms broad and 7 to 9 cm thick, should 
be used 

Rigidity 

The thinnest steel pianoforte wire (No 30) and 
a wire about No 25 are suitable The iippei end 
of each wiie is soldered into a hole in the centre of 
a short length of brass wire of 15 to 2 mms, 
diameter, the lowei end into a hole in a brass sciew 
of 3 in ms diainetei which screws into a hole in the 
axis of a cylindrical brass weight about 4 cms 
diametei and 5 cms long The upper short wire is 
clamped in the support 

V ISCOSITY 

The tubes should have a length of 50 to 80 cms , 
the bore should be 5 to 8 mm A solution of 
common salt of density 1 05 to 1 10 (about 10®/o) is 
suitable 

Surface Tension 

The thin glass used for covering niicioscope 
slides IS suitable for the balance method 

Expansion of a Solid 

Tubes of about 1 cm diameter and 60 or 70 cms 
long are convenient 

Expansion of a Liquid 

The giaduated stem of a broken 0" to 100® C. 
meicury theimometer serves for the stem of the 
dilatometer The bulb should have about 4 times 
the volume the bulb of the thermometer had 

Pressure Coefficient of a Gas 

The bore of the capillary tube is about 7 mm. 
and the bulb about 10 cms diameter The distance 
of the fixed maik on the capdlary tube from the 
bulb 18 about 20 cms A little strong sulphuric 
acid should be placed in the bulb to keep the air dry 
By warming the bulb slightly after a little mercury 
has been poured into the open tube, the volume of 
air enclosed may be reduced to the desiied value 
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SECTION 

XXI Expansion op a Gas 

A tube of *1 cm bore and about 25 oms long is 
suitable The divisions etched on it may be ren- 
dered more distinct by rubbing a httle rouge into 
them A strip of white enamelled glass should be 
placed between the tube and frame 

XXII Pressure and Boiling Point 

An ordinary boiling flask with the delivery tube 
bent upwards at the point where it joins the neck 
of the flask is suitable, A condenser 40 cms, long 
is necessary 

XXIV Laws op Cooling 

The calorimotor of copper 3 mm thick is 6 5 cms. 
diameter and 8 cms high It stands on cork legs 
within a water-jacket, the insnle diameter of which 
18 8 5, the outside 12 5, and the height 12 cms 

XXV. Calorimetric Miasurements. 

A piece of rubber 1x3x3 cms is convenient 

XXVI. Specific Heat op Quartz 

The steam heater is 40 cms. long, has an in- 
ternal diameter of 6 5 and an external of 9 5 cms 
The internal cavity is closed at the top by a cork, 
and at the bottom by a metal door which can be 
moved aside so that the substance may be lowered 
into the calonmeter 

XXVIII Latent Heat of Steam 

The condenser is of copper 3 mm. thick The 
box 18 4 X 3 X 1*5 cm., so that it can pass freely into 
the calorimeter 

XXIX Heat of Solution 

A calonmeter of thin copper 3 5 cms diameter 
and 4 cms high is used to hold the salt. 

XXX. Mechanical Equivalent op Heat 

The apparatus used is that of Pulu], with a 
modified arrangement for measuring the frictional 
couple. 
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SECTION 

XXXL 

XXXIII. 

XXXV. 

XXXVI 

XXXVII. 

IXXVIII. 

XXXIX 

XLI. 

XLIL 


Frequency by the Syren 

It 18 convenient to apply part of the pressure 
on the top of the bellows by hand, as this enables 
the note of the syren to be readily varied by a 
slight change of the force used 
Lissajous’ Figures 

Large forks of frequencies 128 and 256 are 
suitable 
Sextant. 

The objects viewed should be at a considerable 
distance from the observer, and their angular 
distance apart should not be greater than about 
20 \ 

Curvature of Lenses 

The optic bench is 1 metre long and 14 cms wide 
The lens is an ordinary reading lens of 11 cms 
diameter. 

Total Reflection 

The cube has an edge of 4 5 cms , and the slit is 
22 cms above the table 

Magnifying powers 

A board painted white, with a black scale 
painted on it with divisions about 8 cms apart, and 
each fifth numbered, makes a suitable object for the 
first exercise 
Use op Spectroscope 

The salts are contained in 2 inch corked sample 
bottles placed in holes in a block of wood 20 cms 
by 7 cms The crayons are the ordinary coloured 
crayons sold in sixpenny boxes. 

The Spectrometer and its Adjustments 

The model of the vernier is about 30 cms long 
The graduations are on paper gummed to wooden 
blocks and varnished. 

Refractive Index op a Solid. 

The small piece of mirror is provided to enable 
hght to be reflected down on to the verniers when 
the readings are being taken. oa 3 
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8E0TI0K 

XLIV. 

XLVI. 

XLVIII. 

XLIi 

L. 

LII. 

LIII. 


Photometry 

The standard sperm candle weighs ^ of a 
pound 

Diffraction Grating. 

One of Thorp’s replicas answers the ^urpose 
admirably 

Rotation op Plane of Polarisation. II. 

The tubes containing the sugar solution should 
be of glass or be glass-lined, to prevent the acid 
used in inverting the sugar acting on them 

There are other means of producing the half 
shadow field, as efiective as the plate of quartz 
described on p 229 

Magnetic Fields 

The horizontal graduated scales are about 3 mma 
thick and 80 cms long A deflecting magnet about 
6x5x6 cms is suitable 

Magnetic Survey 

The apparatus consists of a circular scale of 
15 — 20 cms diameter, over which a magnetic needle 
4 cms. long with a cross section of 04 — 06 &q 
cm, IS suspended by a fine untwisted silk fibre 
about 20 cms long The needle should have a light 
aluminium pointer attached to it 


Comparison op Current Meters 

The resistance coils are of No. 16 platinoid wire, 
and are arranged parallel to each other between 
terminals which may be connected together in any 
desired way by means of strips of copper. 

Application of Ohm’s Law 

The wires are stretched along graduated metre 
scales screwed to rods of wood 1 *5 cms. thick and 
6 cms. broad. 
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SEOTION 

LIV. 

LVT 

LVIII. 

LIX. 

LX. 

LXIL 

LXIII. 

LXIV. 

LXV 


Arrangement op Cells 

The outer jars of the cells are IScms high and 
10 cms diameter outside, and the porous pots 
12 cms. high and 5 5 cms diameter 

Copper Voltameter. 

The copper plates used are about 6 cms square, 
and each has a lug about 3 cms long, which fits 
into and makes good electrical contact with a 
spring clip 

Measurement of Resistance. 

Coils of about 4, 20, 100, 500, and 2000 ohms 
give sufficient practice to the student. 

High Resistance 

Rtnps of insulating material clamped between 
binding screws answer for the last portion of the 
exercise 

Low Resistance 

A coil of about 30 cms of Xo 14 platinoid wire, 
with connections made to it at several points of its 
length, IS convenient. 

Resistance op a Cell 

A condenser of J to 1 microfarad capacity is 
suitable 

Carey Foster’s Method. 

The two equal coils may conveniently be made 
of bare platinoid or manganin wire wound on glass 
and kept in the same bath of petroleum 

Temperature Change of Resistance. 

About 4 metres of No 38 copper, and 2 metres 
of No 29 platinoid or manganin wire wound on 
strips of insulating fibre, form suitable coils. 

Resistance op Electrolytes. 

A tube about 16 cms long and *4 cm internal 
diameter enables all the solutions to be tested by 
means of one Post Office box of 11,000 ohms. 
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SFCTION 

LX VI Standard Cell. 

The vertical hmbs of the H tube are 8 cms long 
and 1 6 cms diameter 

LXVin. Potentiometer Method of Measuring Currents 

The wire used for the standard low resistaiice 
should be capable of carrying the current without 
the increase of tempeiature produced altering its 
resistance appreciably 

LXX Equivalent of Heat by the Electrical Method 
The heating coil consists of 90 cms. of No 14 
platinoid wire 

LXXI. Induction of Electric Currents 

The 3 inner coils each consist of one layer of 50 
turns of No 20 copper wire, and aie wound in 
parallel The 3 outer coils are similar but have 40 
turns Short lengths of platinoid wire are inter- 
posed between the ends of the coils and the terminals, 
so that whether one coil, or two in senes, or thiee 
m series are in circuit the resistance is the same 

LXXII. Inductance op a Coil 

The coil consists of 575 turns of No 20 copper 
wire, the mean radius of a turn being 25*3 cms 

LXXIIL Leakage and Absorption op Condensers 

The dielectric of the condenser used consists 
of paraffined paper, one side of which is shellac 
varmshed 
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Aberration of rays emerging from a 
prism, 181 

Absorption m condensers, 367 
Accurate w€ighing, 40 
Ammeters, 248 

Angles, optical methods ot measuring, 
J54 

Appaiatus, details of, 370 

Balance, 28 

,, Mohr’s, 64 

,, precautions necessary with, 

43 

, ratio of arms of, 39 

,, sensibility of, 33, 37 

,, zero of, 30, 36 

Beam, 371 

,, bending of, 82 
Bifilar suspension, 72 
Biprism, 218 

Boiling point and pressure, 112, 372 
Buoyancy correction, 41, 48 

Cadmium standard cell, 323 
Calibration curve, 26 

, ot graduated tube, 22 
,, spirit-level, 17 

,, tube, 570 

Callendar’s formula for platinum 
thermometer, 318 
Calorimetei , 372 

Calorimetry, cooling conectioii m, 
126, 183 

Capacity of condenseis, 357 
Cell, resistance of, 308, 375 
,, standard, 323, 37b 
Cells, voltnic, 260, 375 
Compound pendulum, 76 
Condensers, capacity of, 357, 363 
comparison of, 861 
, , leakage and absorption in , 

357, 376 

,, residual charge, 359 

Conductivity of electrolyte, 321 
Cooling correction m calorimetry, 126 


Cooling, laws of, 119, 872 
„ Newton’s law of, 123 
Copper voltameter, 271 
Curient measuring instruments, 248 
,, meters, compaiison of, 250, 

374 

,, ,, standardisation of, 

265, 271 

Currents measured by potentiometer, 
332, 370 

Guivatuies of lenses, 167, 373 

“ Damping ” of galvanometer oscilla- 
tions, 286 

Decimals, lule for discarding un 
necessary, 131 
Density, 62 

,, of a liquid, 62 
,, ,, solid, 62, 57 

Dew point, 116 
Diffraction grating, 222, 874 
Dilatometer, 100 
Dip, determination of, 367 
Discarding unnecessary decimals, rule 
for, 131 

Earth*s horizontal magnetic force, 
237 

Electro dynamometer, 248 
Electrolytes, resistance of, 819 
Electromotive forces, comparison of, 
328, 361 

Equivalent simple pendulum, 7b, 
79 

Error, fractional, 6 
,, probable, 3, 5 
,, systematic, 7 
Errors of observation, 1 
Estimation by eye, 10 
Expansion, coefficient of, of a gas, 109, 
372 

, coefficient of, of a liquid, 
100, 371 

,, coefficient of, of a solid, 
97, 371 
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Foster’s, Carey, method of comparing 
resistances, 311 

Frequency of a tuning fork, 146, 
378 

Galvanometer, adjustment of mirror, 
270 

„ adjustment of tan- 

gent, 247 

,, constant by water 

voltameter, 265 
,, “dead beat,” 280 

, how to increase sen- 

sitiveness, 240, 270, 
279 

,, min 01 , 276 

, moving coil, 248 

,, resistance of, 304 

, shunt, 284 

,, tangent, 244 

Gauss’s eyepiece, 202 

,, method of weighing, 45 

Heat, mechanical equivalent of, 142, 
838, 372, 376 
Heat of solution, 140, 372 
Heater, steam, 372 
Humidity, relative, 117 
Hydrometei, 65 
Hygrometer, Danicll’s, 116 

,, wet and dry bulb, 118 
Hygrometry, 116 

Index of refraction by total reflection, 
173 

, ,, , of material of lens, 

Inductance of a coil, 346, 376 
Induction of electric currents, 341, 
376 

Ineitia, moment of, 07, 71, 370 
Interference of light, 218 
Inteipolation, 115, 191-4 

Kelvin’s current balance, 249, 271 
,, method for galvanometer 
resistance, 304 

Kundt’s metliod of measuring velocity 
of sound, 148 

Latent heat of steam, 137 
,, ,, water, 135 

Laurent’s polanineter, 229 
Leakage in condensers, 357 
Least squares, method of, 7 
Length, measurement of, 9 
Lenses, curvatures and powers of, 
167, 373 

Level, calibration of, 17 
Lissajous’ figuies, 151, 873 


Lodge’s modification of Mance’s 
method for cell resistance, 308 
Logarithmic decrement, 287, 319 

Magnetic field, 234, 374 

,, moment of magnet, 236 

, survey, 241, 371 , 

Magnetometer, 237 
Magnifying powers, 176, 373 * 
Mance's method foi coll le^Ji stance, 308 
Mechanical equivalent of heat, 142, 
138, 372, 376 

Microscope, magnifying po^^ er of, 177 
,, use ot, to nie.isine a small 
length, 11, 91, 91, 99 
Minimum deviation of light thiough 
prism, 207 

, deviation of light through 
giating, 225 
Modulus of iigidity, 8b 

„ Young’s, for a beam, 82 
Mohi’s balance, 64 
Moment ot inertia, 67, 71, 370 
,, magnetic, ot magnet, 236 

Newton’s law of cooling, 123 

Objective method of measuiing angles, 
155 

Ohm’s law, veiification ot, 255, 374 
Oscillations, damping of, 286 

Pendulum, compound, 75, 370 
,, equivalent simple, 79 
,, Rater’s, 77 
Personal equation, 8 
Photometer curve, 217 
Photometiy, 215, 374 
Platinum thei inometry, 317 
Polarisation, lotation of plane of, 226, 
229, 374 

Post Office resistance box, 290 
Potentiometer, 330 

,, method of measuiing 

currents, 332, 376 
PoweiB of lenses, 167 
Pressure, effect of, on boiling point, 
112, 372 

„ coefficient of gas, 104, 371 
Prism, angle of, 207 
PuIuj’b friction cones, 142 

Kefractive index by total reflection, 173 
,, ,1 by spectrometer, of 

solid, 205, 373 

„ ,, by spectrometer, of 

liquid, 211 
,, power, 213 

Besistance of a cell, 308, 375 

,, of a conductor, 257,289,375 
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ResiBtance bridge, 289 

,, of electrolytes, 319, 375 

, ot a galvanometer, 304 

high, 297, 208, 375 
low, 302, 375 

,, standaids, comparison of, 

311, 375 

, , ^ temperature coefficient of, 

314, 375 

Resistivity, or specific resistance, 259, 
29G 

Ridei-j of balance, eirors of, 33 
Rigidity, modulus of, 80, 371 
Rotation of plane of polarisation, 
22(., 229, 374 

Saccliarimetiy, 229 
Saturation, fractional, 117 
Sensibility of balance, loaded, 37 
„ ,, unloaded, 33 

Sextant, 163, 373 
Singing flame, 146 
Solution, heat of, 140, 372 
Sound, velocity of, by Kundi s method, 
148 

Specific gravity, 53 

,, ,, flask, 57 

,, heat of India rubbei, 126 

,, ,, quartz, 132 

, refractive power, 213 
Spectra, mapping, 18b 
Spectrometer, adjustment of, 19b, 373 
Spectroscope, adjustment of, 180, 183, 
373 

Spectroscopic measiiicments, reduction 
ot, to wave lengths, 189 
Spectrum, band, continuous, hue, 183 
,, diffi action, 222 

,, normal, 189 

Spiiit level, 370 

,, ,, calibration of, 17 

Steam beater, 372 
Subdivision by eye, 10 
Subjective method of mcasuiiug 
angles, 15b 


Surface tension, 93, 371 
Syien, use of, 147, 373 

Tangent galvanometer, 244 
Telescope, magnifying power of, 176 
Temperature coefficient of electrical 
resistance, 314 

Temperature coefficient of expansion 
ot gas, 109 , liquid, 100 , solid, 97 
Thermo electric circuits, 334 
,, diagram, 337 

,, power, 33o 

Theimomcter, constant volume gas, 
107 

,, platinum, 317 

Time, measurement of inteivals of, 12 
,, ,, periodic, 13 

Total reflection, 173, 370 
Tube, calibration of, 22 
Tuning fork, frequency of, 146 
Tuning forks, comparison of, by Lis- 
sajous’ figures, 151 

Velocity of sound, measurement of, 148 

Vernier, 9 

Viscosity, 89, 371 

Voltaic cells, arrangement of, 260 

Voltameter, water, 2b") 

„ coppei, 271 

Voltmetei, 249 

Water equivalent of calorimeter, 130 
,, ,, tluirmometer, 1 10 

,, voltameter, 266 
Wavelength of light, 195 

,, measurement of, by dif- 

fraction grating, 222 
, ,, measurement of, by inter- 

ierence, 218 
,, numbers, 189, 195 
Weighing, accurate, 40 
Weston standard cell, 323 
Wet and dry bulb hygrometer, 118 

louug’s modulus loi a beam, 82 
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